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In this Issue 

j^^^^^^^^^^H This issue is devoted entirely to lightwave instrumentation, that is, instruments 
^^^^^^^^^^^1 for testing, analyzing, and characterizing fiber-optic communications systems, 
H^^^^l^^^^l the components of those systems, and the signals found in those systems. Lead^ 
^^^^^m^^^H ing off the issue, the paper on page 6 summarizes the contributions of HP Labo- 
^H^ ^^^^^H ratories to HP's lightwave instrumentation program. Many of the high-perfor- 
^f% ^iS^^I mance lightwave mstruments designed a! HP since the mid-lDSQs depend on 
H ^P^^I^B photonics technologies devefoped or refined at HP Laboratories. These technol- 
H ,^'~ ^^^H ogies include quantum-well semiconductor lasers with low threshold current 
^m^ I^^H densities and improved temperature performance, extremely stable ring YAG 
lasers, tunable external- cavity lasers, optical isolators to protect lasers from 
reflections and backscatter, the first integrated optical modulator in a commercial instrument, high- 
speed photodetectors, a scheme to measure the state and degree of polarization of an optical signal, 
spread-spectrum optical timedomain refleciometry, and tow-coherence, white-light interferometry for 
resolving reflections less than a centimeter apart. In the remainder of this issue, some of these technolo- 
gies are seen again, playing important roles in the design of five different kinds of lightwave instruments. 

A potentially revolutionary development in fiber-optic communication system capacity is the use of 
wideband fiber amplifiers as repeaters, Because of the wide bandwidth of these amplifiers, many chan- 
nels separated by wavelength can be transmitted over a single fiber with out the need to separate the 
channels at each repeater. Characterization of these amplifiers requires light at many wavelengths, 
which can he provided either by many light sources or by a single, tunable light source. Two tunable 
laser sources designed for such applications are described in the article on page 11, Based on funda- 
mental research done at H P Laboratories on external-cavity lasers, the two sources cover the two major 
fiber wa vel en gth wind ows, th e H P B 1 67 A ope rating from 1 280 to 1 330 n an om ete rs and th e 81 68A from 
1500 to 1565 nanometers. Two essential requirements for any tunable source are that it be tunable to any 
wavelength within its operating range and that it produce a single-mode or single-frequency output at 
each wavelength. Early external-cavity lasers had problems with both requirements, and it was the re- 
search done at HP Laboratories that worked out solutions (see page 35). The next step was to construct 
a reliable, hermetically sealed laser module, which meant dealing with tight mechanical tolerances and 
learning to make high-qoality antireflection coatings (see page 32), To use this laser module as the basis 
for an e>fterna I -cavity laser, problems of power stability, tuning linearity, and wavelength stability had to 
be solved. The optomechanical design, including the tunable diffraction-grating and side-mode filters, is 
discussed in the article on page 20, along with wavelength calibration. Temperature stabilization, power 
control, and power calibration are the subjects of the article on page 28. 

It's important to locate and measure reflections in optical components and systems because they can 
cause bad effects. For example, a laser may become unstable if the light it generates is reflected back 
into it The size of a reflection is expressed as optical return loss, which is the ratio (in dB) of the incom- 
ing optical power to the optical power reflected by an optical component — the higher the return loss, the 
smaller the reflection. Two of the instruments in this issue are designed solely or partly to locate and 
measure reflections. Another is designed to measure the return loss of components connected to it 
Without regard to the number of reflections or their locations. 

The HP 8504A precision reflectometer can locate and measure reflections within components. It has a 

75-dB return loss measurement range and can resolve reflections that are only 25 micrometers apart, It 
uses a method called white- light interterometry, which combines the 100-year-old Michelson interferom- 
eter and a light-emitting diode source. The fight isn't really white, it's infrared, centered at 1300 or 1550 
nanometers. 'White-light" simply distinguishes the broad-spectrum, tow-coherence light used here from 
single-frequency, high-coherence laser light The design of the HP 8504A is described in the article on 
page 39, while the principles of its white-light interterometry technique are explained in the article on 
page 52 along with practical considerations such as noise, polarization dependence, dispersion, and 
spurious responses. The latter article also compares various methods of measuring return loss, includ- 
ing optical time-domain reflectometry, optical frequency-domain reflectometry, and power meter meth- 
ods, giving the advantages, limitations, and uses of each method. On page 4Bthe design, fabrication, and 
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performsnce of the high-speed photodiodes used in the HP 8504A's poiartzatiop diversity receiver (a 
device ttiaf helps efiminate polarizatton dependence) are presented. 

If in^eacf of a small optical component you want to check out a fiber that's used for transmission, you're 
interested in losses and attenuation as well as reflections, and the distances involved are meters or 
kilometers instead of micrometers or millimeters. In this case, the instrument you need is an optical time- 
domain reilectometer, or OTDR. The OTDR is like an optical radar It sends a pulse of laser light into ttre 
fiber under test and detects the reflected and backscattered light that returns from the fiber Its display 
shows the locations and magnitudes of reflections and losses and the attenuation of tine fiber The HP 
8146A OTDR (page 60| is a full-featored fourth-generation OTDR that can automatically characterize 
either short-haul or tong-haul fiber-optic links in less than ten seconds. It is configured for operation at 
1310 nanometers, 1550 nanometers, or both wavelengths by means of plug-in modules. Each module can 
be switched betv^^een a short-pufse, wideband mode for high-resolution short-haul measurements (less 
than 5 kifometers) and a longer-pulse, narrower-band mode for htgh-dynamiC'range long-haul measure- 
ments. A key element in the HP 3146A's performance is a high-speed/flexible data processing system 
based on three custom gate arrays and a commercial digital signal processor chip (page 63). The data 
processing system makes selective use of techniques such as averaging, interleaving, variable decima- 
tion, and stitching to achieve various performance goals. The HP B146A receiver (page 69] has short- 
haul, long-haul, and return loss modes and a -97-dBm rms noise level to support the instrument's 30-d8 
(optical) one-way dynamic range. The user interface (page 72) is designed for easy localization. It pro- 
vides the automatic scan trace capability for rapid fiber characterization, a return loss measurement 
facility, an algorithm that eliminates ghost reflections caused by too high a pulse rate, and printer control 
for easy measurement documentation. With an optional software package, a PC can be used to control 
the OTDR and do analysis and documentation, 

If you have an optical component and you simply want to make a precise measurement of its overall 
optical return loss, you can do it with a stable laser source, a coupler with low polarization dependence, 
an accurate reference reflection, and an accurate optical power meter. The article on page 79 explains 
an easy method for measuring overall optical return loss, discusses the sources of measurement uncer- 
tainty, and describes the HP 81534A return loss module, a plug-in for the HP 8153A optical multimeter. 
The return loss module is designed to work with a laser source module in the multimeter's other plug-in 
slot and the power measurement capability of the multimeter mainframe. It can measure return loss to 
60 dB at wavelengths from 1250 to 1600 nanometers. Measurements to 50 dB are accurate within 0.4 dB 
and measurements from 50 to 60 dB are a ceo rate within 0.65 dB, 

Information in a fiber-optic communicahon system is typically in the form of optical pulses — an optical 
carrier signal is intensity modulated by an electrical pulse train at rates from 100 to 2.500 megapulses per 
second jup to 20 giga pulses per second in developments! systems). A lot of information about the perfor- 
mance of a fiber-optic system can be obtained by demodulating the optical pulses with a lightwave de- 
tector and looking at the resulting electrical pulses with an oscifloscope. However, there's a trade-off: 
amplifying the detected waveform improves the sensitivity of the detector but degrades the accuracy of 
the detected pulse shapes. The HP 83440 Series lightwave detectors (page 83) are designed for custom- 
ers who want the best possible pulse accuracy and don't need high sensitivity. These detectors use 
unamplified high-speed HP photodiodes to demodulate light at carrier wavelengths of 1200 to 1600 nano- 
meters. Careful optical, electrical, mechanical and manufacturing process development results in elec- 
trical handwidths of 6, 20, and 32 gigahertz. The detectors mount directly on a sampling oscilloscope. To 
test and calibrate the higher-bandwidth detectors, new systems were needed, and HP engineers re- 
sponded with three different approaches: an optical impulse system, an optical heterodyne system, and 
an optical modulator system (see page 87). Photodetector frequency response measurements made by 
the three systems are in close agreement 

R.POolan 
Editor 



Sseps^e 10 l4ir Couar and Wihafs Alioad 



Ft^bnjiii7 \ HfJCi ITf'wIptt-t^ackEUTl .loiimHl 5 

)Copr. 1949-1998 Hewlett-Packard Co. 



Photonic Technology for Lightwave 
Communications Test Applications 

State-of-the-art fiber-optic, integrated-optic, bulk-optic, and optoelectronic 
devices and subsystems provide a technology base for high-speed, 
high-performance lightwave communications test instrumentation, 

by Waguih S, Ishak, Kent W. Carey, Steven A, Newton, and William R, Trutna, Jr 



Tlie fiber-optic systems Uvai emerged during the decade of 
Ove lOSOs have revn I ul ionized iiigh-sf)eed t^oninninications 
by competing very well wiih more traditional systems as 
cost-effective means Cor infVjnimtion excliange. Tlit^se sys- 
tems can operate a1 s|>eiHis up to several gigabiLs per sec- 
ond, and experimental systems in Japan and the U.S.A. are 
aimed at 40-Gbit/s imd 100-Ghiiys Iraiisjnission ratc*s. The 
development of high-performance optical components such 
as fjber amplifiers has rc^snlted in commnnications networks 
wiQi spans of hundieds of kilometers without electronic 
repeaters. These developments arc continuing at research 
laboratories around the world and it looks very feasible to 
see installed > lO-lJbit/s nber-optic communications systems 
in the near future. 

As the technology advances, the tiends towtud higher 
speeds, lower effective cost per bit and mik\ and higher 
performance will continue. Designers of components, sub- 
systems, and systems for fiber-optic communicaiions need 
to maximize the performance of eaci^ l.>l<>(k \n the systems 
and to minimize I he adverse interactions among systems 
blocks. For this reason, the designers need new^ tct^hniques 
and measurement tools lo help tiiem carry out their work. 

At Hewlett-Packard, a major program to develop lightwave 
communications measurement solutions was launched in 
the mid-1980s. This prognmi has resulted in an impressive 
set of higli-perfomianc'e instnmients including fault locators 
(opticiil time-tlomain re Hectometers, oi' OTDRs), optical! 
sources (fixed-wa\ elength and timable sources), optical 
signal chaiacterization Instmments (power meters, signal 
analyzers, polarization analyzers, aitd spet fiuii\ analyzers), 
and optical component analyzers (precision reflect ometers 
and high-speefl analyzers). 

The develo[>ntent of these instnmients required an intensive 
R&D prograin at Hewlett-Packard laboratories and at divi- 
sionaJ R^D laboratories to identify and develop key enabling 
photonics technologies for these instruments* 

These technologies include integrated optic and optoelectro- 
T^ic devices tis well ^ls bulk-opt ie atrti fiber-optic components 
aitd subsystems. StJine ol these deuces cUkI subsystems have 
been used in some of the lightwave insirumeius descril>ed in 
this ar^d previous issues of the HP Joumaf Other devices 
have been used as internal characterization tfjols. It is the 
purpose of this paper to give an overview of some of these 
key technologies. In the first section, we will review some of 
the basic technologies for optical signal generation, in the 



second aiul third sections, we will discuss technologies used 
for analysis of optical signals ai\d characterization tjf optical 
components H respectively. Finally, we will l^rieHy touch on 
two iniporiant characterization tools that made possible the 
de% elopment of liigh-perfoniiajice photonic components. 
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Fig. 1* (a) Schematic cross section of the C-GHIN-SCH multiple^ 
quaiilutn-weE ridge waveguide laser, (b) Siiiglc-facet light output 
power of the device as a function of drive current. 
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Optical Signal Generation 

Generating an Optical Signal — Semiconductor Lasers. Semicon- 
liiuiur laser tiiociosplay a \en Iniponaiii vok^ in test iostm- 
mems for Ughtwave ronimunirations. While it is possible to 
purchase certain kinds of laser diock*s (such as pigtailed 
distiihuied feedback lasers f, it is not always iwssible to ob- 
tain bare laser chips vnth specific parameters suited for use 
in lightwave subsystenrts. The use of quantum wells in 
AlGaAs/GaAs lasers has resulted in impressive reductions of 
Urn?shold current densities and iittproved temperatim? perfor- 
mance. Since then, many groups have bcH*n working to ex- 
terid the ifiiantunj well technology^ to other nialerial systems 
such as InGaAsP/lnP for long- wavelength ( L*3 and L55 mm; 
apphcations with impressive results. At HP Laboratories, as 
part of our epitaxial material technology de\-elopmeni. we 
grew and fabricaletl ^ratled-index separate confmement 
heterostructure (GKIN-SCIF) quantum well lidge^ and buried 
heteroslTuctue'e ( BID lasers. Fig. 1(a) show.s a cross section 
of a ridge laser with knu quantum wells mul Fig. 1(h) shows 
the output -lightrversus-threshold-<:urrent characteristic of 
this laser 

Generating an Extremal v Stable Optical Signal — YAG Lasers. 
Monolithic diode-piunped unidirectional ring VAG lasers 
have extiemely narrow hnewidths and siiigle-mode output 
spectra, Tfiis characteristic is useful for such applications as 
coherent cuinmunicatiuns and heterodyne component test- 
ing. A ring YAG laser developed earher at HP Laboratories 
was very useful for the heterodyne characterization of high- 
sperd photodefertors. For these and fJther applications, 
rapifl nining of the laser is desirahle. Since ihe eariier ring 
laser was Umed hy thermal expansiot\ or by thermally 
Stressing the ctystal, the tuning speecis were relatively low. 
A two-piece piczoclectrically tuned ring laser^ its design 
derived from the earlier one-piece ring la^r^r\ was devel- 
oped." This hiser can be (\>niinuously tunt^d in nulliseconds 
over mure ihan KJ GHz, It consists of a YAG sectirm arui :i 
magnetic glass section. The glass piece is mounted on a 
piezoelectric transducer. By drilling thc^ transducer at its 
fundaniental resonance, the length of the gap between the 
YACi ;uul tile ghiss sections is changed, n^sulting in a c*hajige 
in the optical path length of tl\e hiser This path length 
cluuige produces a c*hange in the output frequency of the 
laser The laser produces more I ban I niW of single-mode 
output power al 1-538 mu when pumped with a 'iU-mW 
AIGaAs sc^miconductor lasen t sing a PZT (lead ^^irconate 
titanate) transducer, the laser was timed over a 13-5-GHz 
range with a tuning rate limited only by the l.f>-kllz 
frequency response of the PZ'f 

Generating Trniable Optical Sources — External-Cavity Lasers. 
As the performance (jf opiical ccHujioncnis is impruve(i, new 
and improved measuring techniques and Tools are needed. 
Particularly important are accurate measurements of the 
performance of components and systems as a function of 
wavelength. For example, wilh the rapid development of 
bn>adt>and erhium-dn[H'd filjer aruplillers in (^onununica' 
tioius links, a widely tuni^ljlu optical source is needed for 
wavelength characterization. The exteniabcavity semicon- 
dttctor laser is a device that am ScUisfy this re(]uin^uient. Ai 
HP I^boratfjnes, we developed ali^nmeni tolerariL single- 
nwde, and widely tunable extenvabeavity lasers in the 1.3 
and 1. 55- mm wavelength ranges. One of the itUeresting eon- 
figuralions of a grating tmied extemabcavity laser (Fig. 2) 
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Fig. 2* (t Riling extemal-cavit>' semiconductor laser \^ith a graded- 
mdex rod tolliamiing Ions and two silicon prism Ijeam expanders at 
Brenster angle irtcidencf;!. 

incorporates a gradient -index rod lens and a pair of silicfm 
prism Innun exjiandersJ^ This laser achieves the following 
objectives simultaneously: 

• Ability to operate at any ex1:e!Tia]-ca\ity longitudmal mode 
without tuning gaps 

• Stable ff edl>ack coupling between Uie laser diode and the 
external cavity 

• Narrow optical line width 

• A high degree r)f cxtenial cavity side-mode suppression 

• A ver>' wide tuning range. 

The results obt^ned showed complete wavelenglli coverage 

over more (ban 100 naiujtneters \\ith single-mode operation 
over juosi of the Inning range. The litiewidlh w;is less than 
100 kHz and the side-mode suppression ratio was greater 
than 70 dB. We also developed other extenial-cavity laser 
configurations to tune over wider tuning ranges and to en- 
hance the single-mode properties of the laser One (jf these 
configurations forms the heart of Ih*' HP 8 16 7 A and SH3BA 
tunable li^er sources (see articles, pages 1 1 and 20). 

Protecting the Optical Sources — Isolators. Iligb-performance 
(jptir;d isotah^r^i ;tre playing an increasingly imporlant role 
in bghiwave htstnnnenls. Their purt>ose is u> pnileit ojjtical 
sources from retli'ci ion sand backscatterlng thai cause out- 
put instabihlies ur unwanted changes in the output spectra 
of iJie optica] sources. The IIP isolator (*on\bines rutile hire- 
fringent walk-off crystals and bismuth-doped yttrium iron 
garnet ilhns (Bi-YIG ] in a proiuietary design that prrj\1des 
high isolatitsn. low inseiiion loss, high return loss, and polar- 
izatir)ii independence over wide w^avelengtli and temjx^ml uie 
ranges, ^ 



Modulating the Optical Sources — Modulators. HF^ Is credited 
with developing I he world's Hrsl integrated opiic modulator 
foi a commercial instrument applicat iot^. ' The Mach-Zchnder 
lidtium rrujbate (LINIjD.^j niotlulatcjr used in the flf^ 870-^A 
lightwave component analyzer uses (itaniunnhflused opti- 
cal wavi^guides arrd exhibits a lyandwidth of nu^re than 20 
GHz. The liniilalion on the bandwidth of this modulator is 
mainly ibe mtsinaieh heiweeji \hv tjf^tieal and microwave 
velocities. Building on the success of this 20-GHz modulatorT 
HP i>aboratories developed a new modulator conflgmation^^ 
that is veh,v(*ity matched to frequencies in excess of 50 (iMz 
with i*xcfdlent loss-<lrive ratio antl cfmtrast characteristics 
over thi' l.:]-lo-1.5;vmm wavelength rimgt\ The modulator is 
a Mach-Zeluuier type, h uses a thit^k-electrode, buffer-layer 
geonu^tiy that results in a device thai aeliieves almost exact 
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velocity matching to the optical index, maintains hij^h im- 
pedances aiici lia3 a very low vollage-length product. Tlic 
stntcture uses a nairow ground plane wftose width is only 
sllghlly larger than the elt^clrode wicitlt, resiilling in lugher 
impetiaru e anci increa*ied microwave velocity. Tliis intro- 
duces an extra degree of freedom that allows exact match- 
ing of the optical and microwave indexes at a reasonably 
high inipedtuice. Tire optical waveguides in tiie active sec- 
tion oi'the device are fabricated with a high enough index 
diflerence to be nuiltinuxie at IM nun. The input cuid output 
wa\'eguide sections are reduced in width so as to be single- 
mode over the entire range from 1.3 to 1.55 mm. The sym- 
metric, adiabatic nature of the Y junction connecting these 
two regions ensures tliat no coupling occurs to Uie higher- 
order modes of the active section. 

Several cuts of LiNbOy wafer's were usefi to verify the design 
of this modulator and excpUent agreement w-itii theory was 
obtamed. Fig. 3a shows a cross section of the modulator 
design and Fig. 3b shows the exceptional bandw idth c^harac- 
teristics of this device. Measurements showed more than 60 
GIIz of bandwidth w ith a voltage- length product as low as 
S.3 volt -cm over the 1.3-to^l.55-nmi range. 

Optical Signal .\jialysis 

Measuring the Amplitude of Optical Signals — PhQlodetectors. 

One of the First riiallt^nges iacti^g IW l^aboratorit'S designers 
was to deveJop a liigh -speed infrareci ( 1200 to 1600 nm ) 
photo detector, w^hicti w oultl fonn the basis for the optical 
receivers needed lor many ligiUwave instnnnents. This 
reQuired tiigh-quality epitaxially grown layers of indium 
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galUum arsenide (TnGaAs) on indium phosphide (hiP) sub- 
strates and careful de%1ce design to niinmnze spurious ca- 
pacitance and maximize the photodetector responsi%1ty. For 
niaunial growth, melalorganic chemical %apor deposition 
{MOCVDJ was tlie met hot! of choice because of the unifonn 
thickness and iow^ defect density in the grown films. A front- 
illuniinatc*d, circular, p-i-n device structure was chosen. an<i 
the layer thicknesses were designeti to produce the '224A{/. 
response needed for the f nsl-generation light wa\e receiv- 
ers. The lnGa.\s/lnP pin photodetector tecluuilogy Iras 
been extended to develop and produce higher-frequency 
detectors (up to 50 Gllz). Other work in GahiAs/lnP phoio- 
deteclors has concentrated on special needs for extended 
wavelengtli response ((i(JO lo UiOO nni achieved)j and cus- 
tom configurations such as a chip with two phatodiodes 
with a precise separation for a polarisation diversity re- 
ceiven This dual photodetector is used in the HP 8504A 
prec^ision renertonieter (see article, page 39). 

Measuring the Polarization of Optical Signals— Polarimeters. To 
measure the polarization sensitivity of optical components, 
an efficient real-time technique for accurately measuring tl^e 
state of polarization and degree of polarization oJ an o|jtical 
signal is neetled, A scheme lo measure I he stale of polariza- 
tion and degree ofpnlarimlion in real time was developed at 
IIP Laboratories. This a|>|jroac*li forms the basis for the HP 
f^5D9A lightwave polaiizatioTi analyzer. The signal under test 
is transnnlted out of m\ optical fiber ;uid diverges onto four 
mirrors in a specific anangement. The reflected beams are 
processed using bulk opiit^ components and then trans- 
formed uito electrical signals by four photodetectors to pro- 
duce the [Vceded Stokes parameters,' Froni ihese parame- 
ters, thefmal state of polarization is determined using 
electronic pcjstprocessing. The results jU'e displayed in vari- 
ous formats (polariication ellipse or f^iineare sphere) on a 
personal computer capable of providing the user with menu- 
driveri software suited for se\-eral ijnportant polarization 
measurements.^ 

Optical Component Characterization 

The optical sources iuid optical rereivei-s described above 
ran be used to build optical component analyzers such as 
the IIP 8702A and 87fJ:JA.'^ '^* These insinuneuts mo broad- 
band optical subc^urier netw ork analyzers that are capable 
of measuring the RF response of optical or optoelectronic 
coinpo[ients and nelwurks out to a frequency of 20 Gtlz in 
the case of the HP870M. By calculating tlie inverse Fourier 
transform of these responses, a time-domam picture of the 
network under test can be obtauied. Thus, these instruments 
can also serv^e as optical frequency-domain reflectometers 
(OFDRs) that are capable (in the case of the HP 87()3A) of 
resolving reflections spaced less than a centinieter apart. 

Coherent FMCW (trequenry modulated continuous wave) 
re fleet onietr^' techniques can provide high sensitivity 
coupled with high resolution. Using tunable miniature YAG 
lasers, w^e w^ere able to implement an FMCW reflectometer 
capable of resoKing reflections spaced 5 cm apart 
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Some renectometiy applications require ilmi a user be able 
to look inside of a conn>f^>nent. that is, io resolve reflections 
that are spaced 1^ than 1 nini apart. The HP S5(.)4A preci- 
sion renectomefjer (see article, page 39) was developed in 
response to these needs. This instninient is based on the 
well'know'n principle of white-hght ijilerferonieLo^ tn which 
coherent interference between reflections in each of two 
arms of an mterferomeler can be detected only if their dis- 
tances to the splitting and recombining point are equal, to 
within the coherence lengtb of the source. By locating the 
de%1ce tmder lest af tJie end of one interferometer arm. scan- 
ning the position of a reference niiiTor at the end of the 
other, and detecting the positions where coherent inierfer- 
ence takes place, the instrument effectively scans tiirough 
the device under test, mapping out the positions and aniph- 
tudes of reflections. By i lying a broadband source viltli a 
short coherence length, reflections spa(*eii less than 50 mi- 
crometers apiirt cai\ be resolved. Using proprietary- calibra- 
tion techniques, accurate measurements of reflection ampli- 
tudes as stnall as -80 dB can he obtained. Tiiis resolution 
and reflection sensitivity aie orders of magnitude better 
than those of ot^er commercially available rcflectometers. 

The rcsc^u-cli team at HP Ixiboratories is a world leader in 
tliis tecJuiologj. Eai ly in 1992, they reported a reflectometry 
experiments^ in which Lhey demonstrated a world-record 
reflection sensitivity of -148 dB as shown ui Fig. 4. 

Characterization Tools 

Two irriporlaul ( harat teii/ation tools made possible the 
develot^i'ient of the (ihotonics devices mentioned m this 
article. I'he hrsi is photo luminesce nee and thv second is 
electroopllc sampling. Photoluminescence (continuous 
wave and time-resolved) is used to characterize 111-V com- 
pound semiconductor epitaxial films and is ciucial Io the 
development of high-quality films. P^or example, ?lg, 5 
shows time-resolved photolununescence from AKialiir 
structures for five excitation energies. The persistence of 
the long decay times at the low energy Ic^vels indicates high 
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Fig. 5. Phtfti ihjniinescertce data for AlCJfihiJ' (;tiaitl ujii Wi*]I devices. 

material quality. This AlGalnP is used in liP's new high- 
brightness yellow and orange LEDs. 

Elcctnjoplic saniphng is a tool for chai-arterization of high- 
speed devices. It was ver>' iniporraiit to the time-domain 
characterization of tiie InGaAs photodetectors. At IIP Uibo- 
ratories, we continue to invest in photoluminescence niea- 
surements and electrooptical sampling to enhance their 
capabilities. 

Conclusions 

The successor the Hewlett-Packard ligfilwavt^ iiLstrunu'nts 
program is due in pan to the siroiig phulunics li^clmolog^v 
l>ase at HP laboratories and the heallliy coupling and iiner- 
action between HP Laboratories antl the divisional R&iJ 
prrigr^ims. This interaction will conlinue to be an integral 
factor in the suct^ess of the program and the new products 
that are yet I o come. 
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Cover 

The colorful object shown in the background is a diffraction grating, a piece of glass with 1200 grooves 
per millimeter etched into its stirface. In the new HP tunable laser sources^ turning such a gratitig 
changes the wavelength of the light generated hythe little laser module in the foreground. The laser 
fight in this photo is simulated, of course; the real light is infrared and wouldn't be visible. 



What's Ahead 

The April issue will present the design stories of six products or groups of products: 

• The HP 8370 Series and HP 70340 Series synthesized signaf generators 

• The HP 37350 Series sweep oscillators 

• The HP 8133A3'GH^ pulse generator 

■ The HP 64700 embedded debug environment for the HP B4700 emulator system 

• T^B HP 3569A portable real-time frequency analyzer 

• The HP LanProbe II impfementation of the Remote Monitoring Management Information Base 
(RMON MIB) of the Simple Network Management Protocol (SNMP). 
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Tunable Laser Sources for Optical 
Amplifier Testing 

Two models of laser sources tune over wavelength ranges of 50 and 65 
nanometers using grating-tuned external-cavity lasers with precisely 
controlled wavelength and power level. They are designed for testing 
wideband components such as erbium-doped fiber amplifiers, 

by Bemd Maisenbacher, Edgar Leekel, Robert Jahn, and IVlichael Pott 



Rt^cently there has been great tnlerest in using erbkmi- 
doped fiber amplifiers (EDR\s) as repeaters in lightwave 
transmission systems. These optical amijhfiers are attractive 
alternatives to regenerathe optoelectronic repeaters be- 
cause they can amplify any oi>tical signal within their hand- 
width, independent of the niodulation forntat, ihe hit rate, 
and the wavelength. Similai' results can be obtained with 
semiconductor amplifters, which are mainly used for the 
1300-nm transmission window, and with praseodvTnluiii- 
doped fiber amplifiers. 

The signal l>aiidwidtli of these optical amplifiers is extremely 
Wide because tJie carrier is light. Therefore, their installation 
is expected to bruig about a new revolution in optical c om- 
munication system capacity. Many channels separated by 
wavelength can now^ be independent ly transmitted over a 
long piece of fiber withoul the need to separate (hest^ chan- 
nels at each repeater. The channels are eoml>iue(i in the 
transmit I er and re d i s tri b u ! (^il at 1 \ le rcce i ve r ten n i ri al by 
wavelength division multiplexers (WDMs)j as shown in Fig, 
1, With ihe WDM teclmique, the capacity of an insi ailed liber 
with ElJ!^"As as repeaters can be enhajtced by a factor of it) 
or even 100, 

Wlien many EDFAs aie cascaded, they must bo extremely 
we II -characterized stj tiiat their overall pcrfonnancc can t)e 
predicted. In WDM applications, each transmission channel 



should liave nearly the same gain or loss perfonnanee at the 
receiving end, even after going through many ampliTiers, 
Thereforet each amplifier must be characterized for gain, 
noise, and saturation level as fund ions of w^avelength. This 
requires either many semiconductor light sources with 
different w^avelengths or one tunable light source. 

Lasers no nn ally emit light at well-known and fixed wave- 
lengths. A tunable laser, on the other hand, lets you select 
ihe wavelength. There are several ways of building timable 
lasers, hul for timing ranges gieater than 50 nm, which is the 
mininmm required to characterize an EDFA system, only 
lasers with exienial cavities as resonators and diffraction 
gratings as wavelength sciectors are suitable at this time. 

Based on fundamental researcti done at IIP Laboratories on 
extern al-ca\ity lasers, (see article, page 35}^ two timable 
laser sources have bt^en developed (see Fig. 2). Tlic IIP 
8I67A operates over the wavelength range from 1280 to 
1330 nm and the IIP 8168A operates from 15(JD to 1565 nm. 

Pig. H shows tlie ojjeralhig ranges of the iwn tunable hiser 
sources, the two liber wijidows, the components that need 
to be chaiacterized in each window, and the types of wave- 
length dependence that need to be measured. For character- 
ization of passive components like filters, couplers, and 
wavelength division multiplexers, a timable laser source 
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needs a wide timing range and fine wavelerij^th resohilion. 
For fiber amplifiers, low signal noise, high oulpul power, 
and a single lasing mode are the dominant reqiiirernenls. In 
generali for hotii jirodurtion and R&E) applicaiitnis, eiisiom- 
ers want a power-slai.iili/,ed oiUpiit, a fasl luning speed, no 
reflections I'rom Llie uistniment oulpul , iiiggedness, and 
reliability. 

Design Challenges 

E>d em a I -cavity lasers are in principle ver>^ sensitive to ex- 
ternal innuenees. Tempt^iature* changes f^aust^ c"hanges in 
the length of tire extental resonator wliich cliange I he fre- 
quency ofihe standing waves. The reijuired wavelength 
stability for jm external-cavity laser is on the onler' of 100 
MHxor 1 picometer within 1 houn How ihis is achieved is 
described in the article on page 20. 

Reliability is hard to measure, but precautions sneli as 
hemietjcally sealing ihe seniiconducior laser (hip so that 
humidity can't destroy U can help ensure a lojig lifet inie for 
the instnjmenh The design of the laser niodule tor the lunable 
laser sources is described the article on page 32. 

For tire retpijjed tinitng range of more than 50 nm for the 
1300-nm window and more than 65 nm for the 1550'nm win- 
dow, the semiconductor laser material must have a wide 
gain characteristic. A perfectly matched optomechanical 



assembly and a high-reflection grating are also necessary. To 
get the highest possible output power, low loss is required, 
both in the lenses £md for the eoiipling into a 9 nm single- 
mode fiber A wavelt^ngth resolution of better than 1 pmis 
necessary tor the evahiatifin of optical filters with a very 
narrow bandp^iss characteristic, such as etaloas and Fabry- 
Perot filters. How these requirements were met is described 
in the article on page 20. 

Low^ signal noisc^ in a Umable laser requires ihal the laser 
cavity be isolated from any backrefiet lions by blocking the 
bac k w ard t rave ling 1 1 g tit w 1 1 1 1 a d o n h I e -st age iso lator Espe- 
ciaily In El) FA ai>i>iicaiions. weak optical terminations have 
to be avoided because of theii' backreflections, which can 
form cavities with other reflection sf>urees and c an cause 
interference ripple on the measurement signal, thtM'cby in- 
creasing the measurement imceilainty. High retuni loss is 
therefore required at the output of a tmiable Uiser source. 

The hardest goal for the design was to achieve a fast tuning 
speed. For steps below^ 1 mu a total settling rime of better 
than 200 ms is required. Within that timeframe the new 
wavelength and power level hi^ to be settled arul stabilized 
at the output (if the instmmerU. The design team optimized 
the task sharing between the microprocessor software and 
the electronic circuitr>' and achieved a settling time of better 
than 150 ms. 
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Fig. 4. Ovt^rall bIfH'k flfagraiTi of \he HP B167A and 8168A tunable laser sources. 




A pure single-mode laser output is needed. Tliis means that 
spontaneous emissions of the lii^ijerand the side modes of 
the laser chip havf? to sui>pressed as nvuch as possible. A 
side-mode suppression ratio of better (litU) 40 dB is required. 
This number is veiy important in ED FA appU cations, vvliere 
the aniplified spontaneous emissions of the pumped erbium- 
doped fiber have to be measured for calculation of the gain 
antl noise figure in trsimsmission systtnns. 

Architecture 

Precise motor drivers, dedicated hardware, and rcjbust cal- 
ibration contribute to the peifoiTnance of the HP 8 11)7 A and 
Sl6SA 1 unable laser sources. Performance is measured in 
three dimensions: pfiwt^r, wavelength, and time. Wavelength 
accmacy, repeatabiUtyf antl linearity depend mainly on pre- 
cise motor drivers and tlieir calibration. Power flatness and 
repeatability depeml on a high-resolution digital-to-aiiaiog 
convuiler (DAt*) an<l calibration. Wavelengtli and power 
stability over time is achieved by hardware and softwyjc 
control loops. Fast tuning speed is achieved by optimizing 
motor driver speetl and processing time. 

Fig. 4 shows the block diagram of the instrument. The main 
part is the optoblock, which contains all the optical compo- 
nents (see article, page 20). There are two micro|>rocessor 
boards, two motor driver board.s, and an analog driver 
board. All Ijoards are connected \ia the instrimieru device 
bus. The microprocessor supports the keyboard, disj^lay, 
HP-IB (IEEE 488, lEC 625), and memory caid dheetly. 

To rotate the grating to change the laser waveler^gth, a pre- 
cise step|>er motor wilh a control board is tised. The side- 
mode niler (a Fal>rj'-Perot etalon) and the optical attenuator 
are moved with dc tuotor/cncoder setups arul the neet^sstu^- 
drivers. The laser control boaixi hosts the eurretit control for 
the laser diode and tlir [unver monitor loop. The laser chip 



is temperature stabilized with the help of a Peltier cooler. 
The optoblock is also temperature stabili/^ecL 

Grating Drive 

The grating drive is responsible for the wavelength resolu- 
tion and the absolute wavelength accuracy of the instru- 
ment. A stejipcT motor with a micrometer leadscrew is used. 
Micro.stepping (10,000 tiiic rostei^s/rev) provides a mechani- 
c*al resolution of 50 nni, A lost -motion coni|)ensation func*- 
thin mittimizes mechanical bat^klasli and hysteresis effects 
anti provides a bidirectional repeatability of +100 mn over 
the entire range of travel. Acceleration and velocity t^an be 
c 'h osen 1 nde j n -n i le n t ly. 

The stepper motor loses itjs current mechanical position after 
a power sbutilowu. To get an absolute reference point for 
the system tin initial position is neee-ssaiy. At power-on the 
stepper motor finds its initial position within ±100 nm with 
(he help of a precision switcli. This resulls in a absolute 
wavelength accumcy of belter than OA um. Fig. 5 gives an 
overview of t he key components of the giating drive- 

The procc^ssor chip (a Z8) conlrols all elementary move- 
ments of the motor and conununicates directly with tlie 
instiinnent device bus, the velocity iunl acceleration 
counter, 1 lie memory, and the DACs. Tlu* l)ACscontr<^l the 
two phases of the motor via power amplifiers. Tlte switcJi 
inrlicates the zero position. Fig- 6 shows an example of the 
repeatability and accuracy oi' die stepper motor system. 

Side- Mode Filter Drive 

The side-mode filter, a Fahr>'-Perot etalon, guarantees 
single-mode operation of the laser over the tunmg range. It 
has lo be well synchroniziHl with the giating drive. The side- 
mode filter drive ccinsi.sts of a dc motor and ;m encoder witli 
102'^ tracks. Fig. 7 shows the block diagram of this iurange- 
ment. The motor <fml roller chip is cormectetl direclly lo the 
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Fig* 5* Key €oniponc*ius <jf the siepper rnaior driver, precision pcisitiun referejice switc:h, and stepper motor. 



instrument device bus. The encoder signal is fed diref tly to 
the chip aj^d the motor is driven l>y a hiidge driver. 

The motor controller profile generator lets the designer 
choose the acreleration and niaxinunn velocily of the sys- 
tem. The maximiirn accelerai itjtt depends on the mechanical 
setup and the motor, and the maximum velocity depends on 
the encoder detection speed. Fig. S shows tyi^jcal velocity 
profiles. 

Iti our case we work in the position mode and therefore 
curve 2 in Fig. 8 nitist be tised whentaer possible lo achieve 
the fastest mo\^g speed. Tlie velocity profile is compared 
with the encoder signal at every sampling point. The digital 
PIT) (proportional integral derivative) filter allows control of 
the beivavior of I he loop. The motor should follow the profile 
within one smttple time to get the best tuning speed and 
transient beliavlon The ti"ansfer furictiort of the digital filter is: 

11 
U(n) = Kpe(n) + K^ ^ e(k) + Kd[e(n') - e(n^ - 1)]. 
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Fig* 6. Repeatability aiui aecnrat y of the stej^per motDr system. 



w^here n is the eiurent sample iniml;>er. For calculating the 
derivative tenn, the ctirreru saiii|tles can be ttsed, l>ut ohen 
it ispossitvle lo use sanvple values taken several sajntJle 
times earlier Thus, sojnetimes n' = n, but usually n' ?^n. 

The system is optimized for zero position error, no chatter in 
the final position, and niinintum moving tinte- 'IVpieally, the 
final position will be within ±1 cotmt of the desired iKJSition 
10t»^iof the lime and will exactly niatt^h the desired tjosition 
99,9% of the time. The moving time is typically 100 ms. 

Optical Attenuator Drive 

The otJtical attenuator piovides an attenuation range of 40 dB 
with a resolution of 0.1 dB. The attenuator drive has the sanie 
aiTangement as the side-mode filter drive, but the motor eji- 
coder htis only 512 tracks. This diive is optimized for a max- 
imum overshoot or undershoot of ±0.03 dB (approximately 
±1 count). 
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Fig. 7. block ditigram of ihe side-mode filter drive. 
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Fig, 8. W'liicity profiles of tjie motor con r. roller 

Microprocessor Hardware and Firmware 

Thp main objectives in the firmwaie and microprocessor 
hardware design and development of fhe HP 81(i7A and 
SltJSA tunable hiser soLirces were an easy-to-handle tinn- 
ware update capabiUty. a flexible user interface lor future 
extt^nsions, and ail preparations necessary for integrating 
the instnimenty into an automated measurement environ- 
menl . We warited to nmke il eaisy to satisfy future customer 
reqinrenieivu*!5 i>y enhancing the instruments' ca^jabilities 
with additional options. 

Microprocessor Hardware 

Pig, 9 gi\ es an overview ot I he processor hardware. The 
main functional blocks are: 

• A 68000 CPU with logic for ciock and reset generation, 
address decoding, aitd wail slate gerieralioiL The number 
of wait cycles of the I/O (e.g., forihe HP-IB) can be selected 
at execution time by using different access addresses. 

• Up to 1.5M bytes of memory (flash EPROMs, static RAMs), 
sufficient for later firmware arld-ons, 

• Atidilional battc^ry- buffered RAM tV>r storing nonvolatile 
information such as parameter settings. 

• interface for connecting memoiy cards to the instrument. 



• Special boot logic for downloadiRg firmware from memory 
cards at power-on. 

• Dot matrix display (256 by 64 pixeis) for a flexible and 
attractive user interface. 

• HP-IB (IEEE 4S8, lEC 625J internee with controller 
capabilities. 

• Easy-to-use Interface bus with interrupt capahilitj^ for con- 
necting other electronics (e.g.. motor control, laser control) 
to the processor, 

• All electronics necessary^ for making the inslnuiKnit behave 
like an MSIB* mainframe* 

Firmw^are Updates 

The conventional practice for embedded ftrmvt are for stand- 
alone insinmtents is to put the compiled and linketi fimT- 
ware into EPKOMs. These memories are duplicated in pro- 
duction and phigged into the individual instnunents- If the 
fnm ware has to be replaced during finiiwate development 
or later at the customer location, it is a very time-constiniing 
and expensi^'e process. 

To avoid these disadvantages w-e use flash EPROMs, allow- 
ing in-system progranuiTing. The only difficulty w cis to get 
the firmware into ttiese menturies wittiout having any firm- 
ware code already in ihe instninient, that is, without a boot- 
strap loader The solution was to supply the hardware with a 
boot switch capability used in coi\iunction with a memoiy 
card (see Fig. 10). 

\^Tien tl\e instnjntenl is switched on, the flash EPROMs be- 
gin at address 0, where the CPU starts working, Tliis is the 
noiTOal case, but it only works if there is already firmware in 
the EPROMs. To get the firmware transferred to the flash 
memoi^^ w^e use a memor>^ card. With the meitiory card in- 
setted . pressing a certain key combination on the front 
pjmci duiing jjower-up switches ihv adfiress decoding so 
that, the CPL- stiuls executing the finuware on th(^ memory 
card, which now lies at address 0. 



' Mijdijlar System Intedace B^s, the iniefrmi bus &f the HP Modulaf lUeasur^nem: System, now 
an open standard. 




To Memory Card 
and MSIB Hardware 



Fig. 9, Tijnal}lc laser source 
nticroi processor hardware. 
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Fig, 10- Boot svelte hing logic: makes it. possibie lo booj the fi mi ware 
fmni a riiertioiy rani iriRlpad rjf EPROM. 

The finnvvaie ri't'ognii^es that W is niniiingon Ihe menujry 
card aiid start ?i a special tiownload rimctiun for copying it- 
self to the tlsLsh EPKOMs. Wlien Uie copying Is rompiptp, \\w 
iiicmoi^' cai'd is nuntived from llu^ slot and thf inslniment 
boots normally, now disregarding the firm ware download 
function. This can be done as often as needed. 

Using titLs feature durijig the development of tJie instnmicnts, 
we were able offer short response times for updating all 
development instniments with prerelease firmware revisions 
for testing and special purjioses. 

User Interface 

The goal of t lie [iser interface development was to make the 
input of paran^eters from the front panel and feedback to 
the user on the display as intuitive as possible. 

Main keyboard functions are grouped (data entry, parameter 
selection, softkeys) and tiie most important functions have 
hardkeys of different sizes associated with them. The main 
tiisks can lie dtjne directly (e.g., swi telling the laser on and 
off), while other features are jeachable with softkeys (e.g., 
switcliiiig the modulation on and off). 

The programmable dot matrix display has a resolution of 
25t5 by &i pixels and supplies various output capabilities 
such as different chtu^cter sizes, small curv^es, and scroll 
boxes. Fig. 1 1 shows some exmiiples from the wide range of 
€lisplay organizations. 

The softkeys togetlier with the graphic display offer consid- 
erable fiexibilily for adding firmware options when new user 
interface requirenients occtu;- in the futuie. 

Firmware Development Environment 

The firmware was coded using IIP 9000 workstations in a 
local area network. The progranuniiig language was C\ HP 
64000 emulators* together \vith tools such as a higli-level 
language debtigger^ were used for developing, testing, and 
ciebugging tJic finn ware. 
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X ' 13ie.000nm 

EXCESSIUE; P^-2.3 dBni 
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Fig. il. Kxa[n]>Jes <.i] li^j^imiy ti^rtiKiis. 

1'l^e liliraries used were a real-time operati:ng syst(*m for 
eny>edded systems and a diiver for programming the HP-TB 
according to the IEEE 488.2 standard. 

Firmware Structure 

Fig. 12 shows the general fmtmare stntcture. The platform 
on which the firmware is built is the real-tinte operating sys- 
tem. The main task oft lit' firmware is to react to asynchro- 
nous environmental events (keyboaid^ rotary pulse genera- 
tor, HP-IO. etc), h. processes the inputs and stimulates the 
l\ardware (motors, laser t^ontrol) accordingly. 

The low-level drivers are used to access the hardware 
(ADC's, motor control, display etc.). They separate the 
higher runctionality (data input, data verification, etc.) from 
the hardware dependent routines. 

The instrument database saves all piirameter values and 
accom|>anying limits^ the instrument state, and the cahbra- 
Ijon data. It is divided into two identical parts, one for the 
hardware processes and another for the user interface pro- 
cess. All data exchange between processes is done by 
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Fig* 12* Firmware processes. 
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means of mailboxes. Information hiding techniques are used 
to avoid direct (tmcoordinated) accesses. 

The* task of the dnier process is to manage some software 
timers by the use of a smglc hardware timer interrupt. Tim- 
ers are used for data input timeouts and for guaranteeing 
constant sampling rates for the various control tasks {e.g.. 
for stabilizing (he lemperaiiire). 

The keyboard, RPG (rotaiy pulse generator), and IIP-IB 
processes are the firmware interface to the user They ac- 
cept inputs (e.g.. a pressed key) and generate outputs (e.g., 
response strings from the HP-IB). 

All mput is reported to the control process. The application 
process is responsible for managing the wavelength sweep. 

AH message traffic from the other processes (keyboard, mo- 
tor control, etc) is coordinated by a single process called 
the coordination ai^d user interface process. Its job is to 
synchronize the various input and output requests. After 
processing (e.g., display output ), these messages are distrib- 
uted to the correct destination processes. This ensures that 
conflicts are avoided when there are miilliple requests for 
the same parameter at the same time. It also allows things 
like settuig lite wavelength \ia the 1 IP-IB wtiile die sweep is 
running. 

The main tasks of this complex process are: 

• Receive incoming messages from all other processes 
{keyboard, IIP- IB, motor control, etc.) and analyze them 

• Distribute handshake messages for synchronization 
purposes (e.g., to unt^lock the waiting HP-IB) 

• ITpdale the display, ifneces.saiy 

• Su|)ply editor rtmrtjonality fi :>r all t^iirameters 

• Check parameter limits 

• Convert values (e.g,, firom watts to dBm). 

The measurement and motor control process converts pa- 
rameter inputs (e.g., wavelength) into a hardware response 
(sef. the wavelength, control the laser chip, etcj. Its tasks are: 

• Set the waveler^glh 

• Sel the laser power 

• Set t he attenuation 

• Tnm the laser on or off 

• Turn the modulation on or off 

• Set the modulation fre<itiency. 

To perform these tasks thc^ measurement and rontnjl pro- 
cess lias access to all necessar>' devices (grating, e talon, 
attenuator, M)Cs, and DACs). 

Hardware Drivers 

The hardw^are drivers are impiemeuted in a three-layer shi*ll 
model (Fig. IS). 

Level only reads or writes a byte value from or to a 
specified address. 

Ltn'el I spec^ifies this address and makes it possible to read 
or write iuiy device register in onc^-b^l^e, two-hyte, or fom*- 
byte mode (byte, word, long). For example, reading a grat- 
ing position needs a four-b>te access. A status register can 
be read in a onetvvie access. 

Level 2 realizes the indixiduril features of eveiy tk^\ice. This 
level implenuMits fimt^ioits surh as driving a motor, selling a 
DAC, and leading an ADC value. 




Fig. 13, Tiiree'layer shell model of the liardware drivers. 

TlieiT Ls no access from level 2 directly to level 0. All such 
accesses take place through level 1. 

Eveiy hardware driver can be debugged without an emula- 
tion station. It is only necessary to set the access flag ^ia the 
FIP-IB for the driver and the level you want to watch. 

Setting the Wavelength 

U^lien a itew wavelengtii Is selected, the control process 
peiforms tJie following functions: 

• Calculate the new grating position 

• Calculate tiie new elalon position 

• Calculatt^ the new attenuator position 

• Calculate die new [)ower DAC value 

• Move the grating motor 

• Wait until the grnting target position is reached 

• Move the etalon motor 

• Wait until the etalon target position is reached 

• Move the attenuator motor 

• Wait until I lie attenuator target position is reached. 

For wavelength changes smaller than 1 nm, this process 
takes less than ITiO ms from initiation until stable power is 
available at the output. 

Achieving this liuTing speed was a m^or challenge. The eta- 
lon and altennatnr motors netnl moving times liei ween fK) ajid 
200 ms. The gratirtg motor needs between 100 ms aiid 200(1 
ms. The calculation tune for the new uK^tor position and the 
new power value is between 60 ms and 120 ms. These cal- 
culation thiies essentially dei>end on noating-pt^jnt operations 
for a linear inten>*iliit ion algorithm between calibration 
points, I) isii laying tlie new wavelength ancl the new powTr 
takes about 41) rns. The processing of these procedures one 
after another generates a delay of more than 500 ms. For 
large wavelength steps (more than 50 nm) the tuning speed 
of the grating is the dominant factor In these cases the tun- 
ing lime read II ^s I to 2 sernncis. However for wavelength 
steps less than It) nni. [parallel motor i>nici\ssing mvd la-st 
calculation can greatly reduce the tuning time (P^ig. 14). 
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Fig* 14. WavrleitgMi titnlng linif 
IS niii'Liniized by parallel processing 
i.it\i\ iVkotor inoveiTient. 



Calculation Time. A new wave-length tc^quires a new motor 
posilioiu The finiiwiirc ViYsi finds I he two points in the cal- 
ibration data I hat bracket the new wavelength. To calculate^ 
I lie new position, il perfonns a linear interpolation between 
tiie calibrated base pohils: 



y = nix + b 

ybttse point ^ 



m 



ybase point 1 



^hasp point 2 ^basc point 1 



The glope ni between two calibration base points does not 
ehmige. so this slope needs to be calculated oiily once^ in 
the boot phase. This an^l the use of integer o|ieratiDns 
instead of floating-point operations help reduce the calibra- 
tion time per motor to 5 rns from the 20 to 40 ms it would 
otJierwise take. 

Motor Processing Time. iVl I motors Igrating, etalon. and atten- 
uaior) are ahl<^ to alert the processor by an inLenaipt when 
tliey have reaiiied (heir target posit ir>n. The fimiware begms 
to calculate the grating pcjsition and starts to move the grat- 
ing. After this, it calculates the etalon position and slans the 
motor, and the same for the attenuator motor- 
While the motors are searcliing for their Uirget positions, 
there is enough time to calculate the new power, update (he 
display, iuid react to key!)oard retiuests. The new wavt'length 
setting is complete when all motors signal that they have 
reached their target positions and slal>le power is available 
al the output. 

Measurement Features 



The Maximum Power Curve 

Because of fiifi'tM en( laser chip characteristics, ever>- IIP 
8 167 A and 8 108 A tunable laser source has a different power- 
versus-wavelength behavior. In some applications, the user 
may want to choose vahtes outside the specified wavelength 



tuning range anci (be specified output power limits. These 
wider ranges may be out of specification, hut suitable for 
the customer's specific needs. 

Tb give the user a quick overview of the individual instru-^ 
ment s behavior, the instniment s pfiwer-versus- wavelength 
characteristic can be shown as a curve on the display. Fig. 
15 is an example of this feature. 

Wavelength Sweep 

Besides the nr>rmal operation of selecting single wa\-elength 
values, the user can tune over a given wavelength range to 
automate measurements — for example, to measure the char- 
acteristics of a filler Ulien entering the sweep mode, the 
user can select and specify different sweep parameters by 
means of a pulldown menu (Fig. 1(5): 

• Wavelength stai1 value 

• Wa\'elength stop value 

• Wavelength step size 

• Dwell time for the wavelength steps 

• Number of cycles the sweep will execute. 

The sweep direction can he reversed by simply exchanging 
the start and stop values. The sweep can run automatically, 
or by a keypress for e%ery wavelength step for manually 
stepping through a specified range, hi auiomatic sweep 
mode, each tinve the wa\'e length has settled, a trigger signal 
appears at the modulation output plug and the power and 
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Fig, 15, Each instrument can display its maximum power as a 
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Fig. 16. Menu for Altering wa^nelength sw^ap pantirteters, 

wavelength are held for the specified dweU time before Ihe 
next wavelength ^'alue is set. 

A power search algoritiim (oplional keystroke! looks for the 
maxiniuni power available in the given swet^p range, which 
guarantees constant power for the sweep. 
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Fig- 17. Ml exainplc of oi\\uit Imlp e:jvpkini!tg tht.' nieLiniiigQl' liie 
EXCESSIVE warning. 



Online Help 

Online help lexts supply detailed information about selected 
insirumeiu topics, such as warning messages or working 
with the sweep apphcation. For example, the user can get 
an explanation of the EXCESSIVE warning message without 
having to search ihrough the manual (see Fig, 17), 

Specific help is selected by walking through a select box, 
which contaitis a list of kc>words for wiuch help is a\'aiLible. 
The help texts cm\ be of any size (more than one display 
page) and are easily expanded* 

Aekno wi edge m en ts 

Much credh needs to be given to our former section man- 
ager Peter Aue for his support, and to Wllhelm Radennacher 
and Jochen Rivoir, who left the team for other HP opportu- 
nities. IIP Laboratories instrument photonics technology' 
department manager Waguih Ishak artd Bob Bray* Microwave 
Technology Di%ision section manager, suppoited our teams 
and coordinated the multidi\isional effort. Rolf Steiner and 
lieinhard Becker as the responsible production engineers 
supportefl us in the transfer to production and by setting up 
the calibration and test software. 



Correction 

On page 103 of the December 1992 issue, the last two lines 
in the second column were missing. The complete paragraph 
reads: 

Multiplexing the SCSf Bus betwfiprllipiies 

A device that disconnects from iheSSfiSl'te during long delays in I/O processing 
enables other SCSI devices to use the bus, When the bus is retinquished bv a given 
I/O process nexus, another I/O process nexus can connect to the SCSI bus and use 
it while the disconnected device continyes 1/0 processing at the same time. 
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External-Cavity Laser Design and 
Wavelength Calibration 

Sophisticated tuning and calibration nnethods coordinate the effects of a 
diffraction grating wavelength selector and a Fabry-Perot etalon side- 
mode suppression filter to ensure accurate wavelength selection and 
single-mode operation in tlie HP 8167A and 8168A tunable laser sources. 

by Emmerich Miillerf Wolfgang Reichert, Clemens Ruck, and Rolf Steiner 



To achieve the required tuning perfonnaiice for I he HP 8i(^7A 
mid 8 168 A tunable iaser sources ^ it was decided to fievelop a 
tunable laser based on a seniicondiKlor laser chip with an 
external cavity. Tliere are several ways of bitikling tunable 
lasers. For exaniple, a three-electrode distribitted feedback 
laser' can be* tuner I over a wavelength range of approximately 
it) nni. Hcnvovei; for tuning ranges of 50 itni or great ei; lasers 
with external ca\itips as resonators and diffraction gratings 
as wavelength selectors me the solution of choice for most 
measurenientij. These hisers are called gralmg-tiuied extemal- 
cavity lasers. 

ExteiTLal-ca\dty lasers have been known as tunable sources 
for a long time and are often used in lab measure? me nts, but 
have some cUsa<lvanlages, such as ]Joor power stability, tun- 
ing linearity, and wavelength stabiUty. The goal of tlie tun- 
able laser source development was to develop a stand-alone 
Inst nnnent without 1 bese shortcomings of exisiing external- 
cavity laser designs. 

The two models of HP tunable laser sources are in principle 
built the same way. Both instnnnents are t^xtemal-cavity- 
tuned laser sources. Tlie differences jure only in t he gain 
media and some of the optical components. For the HP 
81 67 A the gain is centered at about 1310 nni and the optical 
components are optimized for a wavelength lange of 1250 
nm to 1350 nm. In the UP SlbSA, the maximum gain of the 
laser chip is centered at approximalely 1540 nni. To cover 
the wavelength range from 1470 nm to 1565 nm with one 
instnmient, the HP SHiSA uses a laser chip thai is selected 
to optimize several parameters. Fig. 1 gives an overview of 
the architecture and the n\ajor components. 



Laser Cavity 

The gain mediimi is a conventional laser diode in which the 
iniemal lasei^ Fabnv'-Perol resonator is tiisabled by ;ui antire- 
lltKtion coating on one laser faeel. The coaling design an{l 
performance are described in the article on page '32. The 
resonator is I hen rebuiU by adding mi external reflector, the 
chffraction giating. The grating act.s both as a plane mmor 
and as a wavelength-selective element. 

The (lerfonnance of an cxtenial-cavity hiscr is determined to 
a large extent by Ihe extenial cavity. The laser ontpnl power, 
single-mode operation, tuning linearity, imd wavelength sta- 
bility are all are strongly related to the coniponent^i used in 
the external resonator Because of the temperature depen- 
dence of these components, the cavity and the laser chip 
have to be temperaliire stabilized. 

For good performance, the extenial feedback from the cav- 
ity has to be as higti as possible- 'IVpical values in the cur- 
rent design are 2TO to 3ffKi, This means that the external 
resonator has roughly the same reflectivity as the tVainer 
Fabiy- Perot ca\^t>^ (The laser chip facet reflect i\ity is a re- 
sult of Fresnel rc*flections. The reflectivity calculatt^d from 
Fresnefs law is approximately 31%.) 

The coUimating lenses shown in Fig. 1 are needed because 
the Itiser chip emits a cUvergent out]>ut beam. The beam di- 
vergence (full angle at half maximum ) of a lastH" caj^ be as 
high as 45 degrees for conventional lasers. To capr.iire most 
of the emitted light the lens luis to be designed to handle 
niunerical apertures up to 0.4 and it is requhed to have a 
controlled wavefronl aberration better than ^4. 
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The cavity desi^ also includes a side-mode filter^ which is 
needed to guarantee a high side-mode suppression ratio. The 
side-mode filter is a veo narrowband wavelength filter that 
increases the wavelength selectivity compared to just a dif- 
fraction grating alone. Irs operating concept and how ii 
improves the performance of the e.KtemaRavity laser are 
explained later 

The control and calibration required to tune the side- 
mode filter and the grating synchronously were a sigmficrant 
challenge. The details are explained later in this article. 

Principle of Operation 

Fig. 2 shows the interaction between the gam medntm, the 
resonator, the side-mode filter, and the diffraction grating, h 
also shows how^ variable w^avelength selection is achieved. 
The grating is tuned by rotation, so the wavelengtli where 
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the reflection Is maxioium is dependent on the angle of inci- 
dence of the emitted laser beam. The external-ca\it y laser 
resonator with its comb-like filter characteristic will allow a 
large number of possible lasing wavelengths. These possible 
lasing modt^ are called "ca^it^' modes," The spacing be- 
tween tw^o modes is determined by the resonator length and 
cm\ be caJctilaled. The canity length is chosen according to 
the needs of the other optical components and of some spe- 
cific applicaiions where the cavity mode spacing is impor- 
tant. The mode spacing is aboiit 0.019 nm, corresponding to 
M =2.5 GHz at a center wavelength of 1540 nm. 

The diffiaction grating filter bandwidth is determined by the 
optical beam diameter, the mechariical layout of the filter, 
and the spacing of tJie nj lings. This is optimized for the ex- 
temal cavity requirements and for manufac^tujability. In 
practice, there is a trade-off between wavelength selectivity, 
reflection efficiency, and man ufactur ability. A selectivity of 
about 1 nm FWIIM (full width at half maximum) gives good 
perfonriance with this design. 

From Fig. 2, it is easy to see that with just a diHraction grat- 
ing filter, a more or less undefined mode is selected. Lt>oking 
at the externa] -ca\it^^ mode spacing and the filter character- 
istic of the diffraction grating, it clear that a single-mode and 
stable laser output is not guaranteed. The result would be 
weak timability and poor wavelength repeatability. Several 
modes have comparable i^ain conditions and arc able to 
lase. Tbis is one of the sources ofmultimoding and gives a 
high degree of instability. Tiiis Height be less of a problem if 
the laser had an absolutely smooth and flat gain characteris- 
tic, but this is umeaHstic and wT>uld require a pertect anti- 
reflection coating. In practice, there is some ripple in the 
laser gain ch^uacteristic, and although it is low in this case, 
it was still a big problem. 

To improve the wavelength selectivity of the external cavity, 
the side-mode fdter is added lo the cavity. The requirements 
for this filter were at least 10 times higher selectivity than a 
sland-alone grating, nearly no feedback loss, reasonable com- 
ponent cost, and easy wavelength tun ability. A solid glass 
Fabry -PtTot ctiilon was designed to fidfiU mosl f]f the require- 
ments. With Ibis tyiic of r optical filter il is t'asy to gel Uic filter 
bandwidOi down to less Lb mi 0.1 nm (about 12 Gilz in fre- 
quency). Tlie tiisad vantage of this filter is the comb-like filter 
characteristic (see Fig, 2 ), which requires a sophisticated 
liming scheme and a complex calibration algoritlun. 

The wavelength tuning of the transmission maxima can be 
done in several ways; one is to tilt the etalon. To select a 
single lasing mode it is important to have Lhe best possible 
match between the grating reflectivity maximum and the 
etalon transmission maxima; otherwise, the external feed- 
back is reduced dramatically. To achieve this the require- 
ments on the grating drive and lhe etalon drive are high 
resolution, good motion repeatability, and a stiff cavity 
iUTtmgemcnt. This matcii has to be certified at each wave- 
length ovtT the entire tuning range. 

At^justment of the external cavity to achieve a specific out- 
put wavelength consists of selecting a paiticuhu- angular 
position of the grating mui a paitJcuhu' migulaj^ positicjr\ of 
the etalon. To allow quasiconUnuous tuning, the filter curv^e 
(if tin* gratings tlu* transmission maxima of the etalon ^ atKl 
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the resonant modes of the extenial-ca\it^' laser resonator 
ai'e shifted by the same wavelength increnieni. To acrcom- 
plish this, the grating has to be rotated, the etalon tilted, and 
the cavity length arij Listed by shifting? the grating. The details 
of this atUustrnent are explained latcn 

Laser Output Side 

The laser output side delivers the optical performance to the 
customer application. To avoid any problems with hack- 
i^Oected light from customer applications It is necessary' to 
have a built-in isolator. The Isolator has to fulfil many tasks. 
The most important is to isolate the external cavity so that 
th(> laser perfomi ance is independent of extenial influences. 
Without a properly working optical isolator, backreflections 
into the laser could cause senous problems for wavelength 
and power stability. For most measurement systems it is 
important to have all system building blocks designt^d for 
low l)ackreflections. Termination values of mnre than 50 dB 
retmn loss are needed to avoid trouble w ith F'abry-Perot 
ca\4ties in the measurement setup, hi tlie III* 81G7A/G8A, all 
intenial fiber ends and the front-panel connector have at 
least GO dB of return loss. This is accomplished by using 
custom fiber terminations and a new type of fiber optic 
connector designed by HP. The connector has more than 
60 dB of return Iosh and is designed for good repeatability. 
The angled Ober ends are not in physical contact, so the 
connector cannot be destroyed by scratches or abrasion. 

Output Power 

So fan juost of the design issues discussed here have ad- 
dressed tunabilhy and waveleii^^th ytah>ility There are also 
requirements on I he output power of tfie tunable laser 
sources, it\ciuding power stal)ility over time and cot^stant 
output power versiLs w^avelength. With the addititim of a fiber 
tap (fusion coupler) and a monitor diode neai' the fiber out- 
put poit, the laser is driven under closed-loop control. A 
wavT length calibration of the entire monitoring system en- 
sures stable and wavelength independent output power. 
These issues are discussed in the article on page 28. 

Optical and Mechanical Desigii 

The optical components of ihe external- cavity laser can be 
divided into two sections: parts belonging to the external 
ca\dty {gratir\g. Fahr>'-Ferot etalon) and parts belonging to 
the laser output assembly (isolator, fiber coupling, and 
tjower mc^litoringj^. 

External Cavity 

Caarse Filter. A^ mentioned earlier, there are two filters in 
the external cavitj*. Fii'st, a diffraction grating is used as a 
coarse filt er. Tliis kind of fUter is basically a mirror upon 
which extremely nan'owiy spaced grooves are engraved, 
Wien the grating is illuminated, each groove generates a 
cylindrical \\^ave, like a smtill radiation source. If the light is 
coherent, such as a Vasor beam, the supeiTmsition of these 
single waves produces a wave front with large intensity only 
in those directions in which the path difference tjetween the 
single waves is a multiple of the incoming wavelength (see 
Fig. 3a}. l^sed as a wavelei\gth-selective mirror in an opticaJ 
resonator as in the extent al^-avity laser, tlie grating reflects 
the first-order w^avefront into the direction of the incident 
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Fig* 3. (aj Opuciai paih difference As cjf the reflfcteit partial wa%'es 
a and b in a diffracLion grating, For the mth-order Ijeam, As = da - d\ 
- inL (b) With the Lirtrow grating mount, the first-ordnr reflected 
beam retraces the path of the inddetu tjeain. For this special cas^t 
As = gsinn - /J2. (c) Frinciple of the l^^abrv'-Perot etalon (ray angles 
exaggerated far clarity). For conslnK live interftirence. As = 
2d v''n" - sin^a - m?., where ri ii? the refratilve index of the etetioii. 

beam (Littrow grating mount, see Fig. 3b), For this special 
case there is a simple relationship between the angle of the 
grating relative to the incoming beam and thi^ wa\'elength 
that will be reflected back into the laser chip: 

X - 2gsuia, 

wliere a is the angle between the incident beam and the 
grating normalj g is the spacing between grooveSj and k is 
the incident wavelength. 

in the IIP S167A the grating has 1200 grooves per millimeter, 
and in the HP 81G8A. for the same mechanical geometiy, the 
grating has 1020 grooves/mnt. For a timing r^nge of 1280 to 
i;330 nm (HP S167A) or 1500 to 15G5 nm (HP 8H>8A) this 
dennes the incident angle of the laser beam to be between 
50 and 63 degrees. Besides the surface (Quality of the giatiiig, 
the wa^'elength resolution depends linearly on the number 
of groov^es reflecting the laser beam: 



AXA = l/(NiTi), 
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where A>* is the wavelength difference that can be resolved, 

N is rhe number of grooves illuminated, and m is the order 
of the renection. With a l;)eiiin diameter of 0,9 nm ajtd the 
chosen geometry, the resohition is about 1 nm. 

Rne Filter. The sec^jnd filter is a Fabr>' -Perot etalon. In princi- 
ples it Is also based on the coherent soperpositiort of partial 
contiibmions. Here the single waves are generated by a par- 
allel light bean^ going Uirough a plane parallel glass plate 
and being partially reflected Just as in the diffraction grat- 
ing, the optical path difference between the partial waves 
has to be a multiple of the waveler^glh to get const^lcti^■c 
interference (see Fig. 3c), In contrast to the diffraction grac- 
ing, all outgoing beams that fulfill these conditions have the 
same direction, res til ting in mi ambiguous filter curv^e (see 
Fig. 2). The spacing between the transmission ntaxiina is 
called the mode spacir^g or the free spectral range FSR: 

FSE - ?.^/(2d(n^ - sin^a)^^-), 

where n is the refraction index of the etalon, d Ls the thick- 
ness of the etalon, and a is the angle between the incident 
beam and the siuface nomial, 

To get veiy fine wavelength resolution it is necessar:v' to gen- 
crate many partial waves. A parameter often used to charac- 
terize the comblike 11 Iter cune (Fig. 2) is the finesse F 
which defines tJie rat io of the free spectral rmige FSR to the 
width of the transmission maxima For an ideal jDaraliel 
plate \%ith perfect surface quality the finesse is determined 
only by the reflectivity R: 

F = FSFL/F^^TIM - n:K^-/(i-R), 

where FWHM is the full width at half maximum of the 
transmission maxima. 

To avoid lasing on more than (jne elaloti niock\ the FSR of 
the etalon has to be significant ly greater tbim the wavelength 
resolution of the grating. h\ addition, to suppress all of the 
c^avity rnodt*s (see page 21 ) except the desired one, the 
FVi/l IM l^as to be smaller than 0,1 nm. To achieve this, the 



eialon chosen has a thickness d of 500 ^rni and reflecii%1ty R 
of 75%L Thus the FSR is about IT nm for the IIP 8167A ( 1.6 
nm for the HP S168A) and the finesse F is approximately 1 1. 

The wavelength for which the etalon has maxinitun transmis- 
sion is a ftinetion of the angle a of the siuiace nonnaJ of the 
eialon relative to the optical axis (Fig. 3c). T!ie following 
relationship appHes: 

mX = 2d(n- - sMa)^-, 

where n, K and d are as above and m is the order of the 
transmission niaxinium. 

Taumel* Etalon 

IVpically the w avelength is shifted liy tilting the etalon 
around an axis perpendicular to the optical axis (changing a 
directly). With this method it is ver>' costly and coitiplex to 
get a wavelength resolution of a few plcometers. For this 
reason a new tilting concept called the taumel etalon was 
developed. The etidon is motmted concentrically on a spindle 
that has a 2-degree incDned cndface. Tlie stJinfHe is cormected 
to the shaft of a dc motor w^hich is coupled to an encoder 
with a resolution of 4(J9(i st eps per turn. This assenibly is 
fixed in tlie optohlock in stich a way that die angle hetween 
the motor sliaft and the laser beam is about three degrees 
(see Fig. 4). ff the etalon is turnetl, the angle between the 
surface nomial and the laser he;im is changed between 1 and 
5 degrees, resulting in a maximum wavelenglli shift of about 
3 nuL In Fig. 5a this wavelength shift is plotted as a function 
of the motor position, and Fig. 5b shows the wavelenglli 
shift per inolt>r slej>. 

The coarse filter is mounterl on a lever which is seated in a 
titmable bearing. A two-phase stepper ntotor couijled with a 
precision micron\eter leadacTew works as a linear drive for 
tuming and nuning the grating filter. Using the microstep 
capability of the step^jcr motor it is possible to achieve a 
travel resolution and accuracy of better tiian (11 nucronieler* 

' "TaumsJ" is the German ajipression for "reef or '■sfagger" 
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Fig. 5. Wav-f4eiigih shifi in the taLKtiel (^Ciilou iis a fiuK-tioii (if moior 
pfjsiLion. 

The coarse filter has to have a known angular reference 
positiDiT ^ificr thc^ iiisliitnient is switched on. A stepper motor 
is not able to provide this feature because it has no reference 
position, Tlieref(jrc. a precision sensing switch is built into 
the ea%1ly mechanism. As nicnliooed earlier, it is necessary' 
io match the diffraction grating and the ctalon wlien tuning 
the laser This means that th(* reflection maximum of the 
grating has to be coincident with one of the transmission 
maxima of the etahm. It has been calculated that the maxi- 
mum tolerable wavelength difference t^^wecMi the filter 
curv cs is less tiian 50 pni. Based on this, the acciiiacy of tbe 
switch has to be better than 1 micrometer 

The precision bearing is an impoitant part that has a tnajor 
influence on laser perfomiance and reliability. Aiiy kind of 
bearing clearance or lilt of the axis of rotation will cause 
rtrismatch of the fdters. The objective wns to find a beahng 
type that pro^ides \er> good long-lenn stability. I' sing vcr>' 
hard materials that exlnbit no or ver>^ tittle abrasion will 
guarantee a fixed position of the lever pivot under all condi- 
tions. At the same time it is essential to flesign all the mov- 
able mechanical parts of t lie caxlty carefully. To keep the 
stress on the precision paits low, it is necessary to fmd the 
optimum weight and stability of the cavity structure. 

Going through several design stages, it turned out that the 
best cavity design is achieved mainly by optimizing and 



diooslng the right material properties, tn particular, the 
themial expansion coefficients of the parts have to he well- 
bahmeed. I suig exotit- materials like Invar, Vacon, Carpenter, 
or CiTodur did not improve the results. If the temperature of 
the t^aviiy changes, a drift in wavelength will occtir, but the 
main contribution comes from the optical parts. The change 
in the thickness d of the etidon is t he main determinant of the 
shift in wavelength, acc:orduig to the simple IVjrmula: 

where B is the thermal expansion coefficient (typically I x 
10" '/K for fused silica) ^md AT is tiie temt>erature change in 
kelvin. For example, a temperature t-hange of 1 keKin will 
cause a drift of about 10 pm at a wavelength of 1.5 (.un. 

Laser Isolation and Fiber Coupling 

Like tlie laser cavity^ the hiser otJtfJUt section of the HP 
8167/68A tunable laser sources is ^ilso a bulk optical design. 
The laser light passes first through an optical isolator to 
l>rotect the laser chi|) from hack re tied tons coming from the 
con]tling lens, fiber end, cable comiectors, and other exter- 
nal dist urban ees. The isolator is a two-stage magnetooptic 
Lsoiat<:>r. It is a preassen^bled unit that only has to be aligned 
according to the polarization axis of the laser light. The 
isolation is ty|iically more than GO dB and the insertion loss 
is less than 0.5 dB. 

The laser beam is foeased into a 9-(,im fiber using a SELFLOC 
lens. For low insertion loss, the focal length is actjusted ex- 
actly to the focal length of the lens in the laser module and 
to the ratio of the numerical apertures of the laser chip and 
fiber. To obtain a high return loss the refiuctivily of (he fiber 
end is reduced by polishing the endface at an eigh I -degree 
angle. To avoid a mismatcli of tbe (jptical axis and the fiber 
axis because of the slaiUed endface J he fiber is tilted about 
four fiegrees (see Fig. 6). 

Also for Ingh return loss, the front-panel connector is 
slarued by 10 degrees. To avoid 1 1 am age of the fiber end by a 
tjadly mating coruiector, the connector iLsed is a no-pliysicaJ- 
contact type, 

Optoblock Protective Housing 

After the fiist experiments done on the optical block of the 
titnable laser sources it became obvious that the perfor- 
mance and reliabihty of the external ca\nty laser depends on 
tlic stabilit>' of the cavity in terms of tmwanteti mot tons of 
tbe optical filters caused by shock, vibration, and tlu^rmal 
expansion. One of ibc mechanical design goals was to come 
up with a nigged insinuuent package. 

To achieve the highest optical signal acciiracy, the opto- 
block needs a controlled emironment and is therefore lo- 
cated in a separate housing, which is heated to 55- (?. The 
optoblock housing acts as a shell and is a part of the temper- 
ature stabilization system. I'he base of the heat chamber is 
the chassis. It carries the heat chamber printed circuit board 
and the optoblock (Rg. 7). The optoblock is an independent 
and pretested subassembly, and is seated in the chassis us- 
ing soft rublier spacers to reduc^e mechajiical stress. To- 
gether with the mainframe, the design forms a two-stage 
shock absorbing system. As a result, the tunable laser 
sources are able to withstand use in both lahorator>^ and 
production environments without special handling. 
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Fig. 6, Ijaser isoladcm and fiber 
coupling mechanisiTL 



Mainframe Design 

The maiiifranTe is a sumdard HP System D cabiiiel, 425.5 xxun 
wide, 132.6 iiiiii high, and 497.8 mm deep. The instrument 
weight is approximately 17 kg. 

The optical unit takes a third of the mainfranie voliune- The 
cardcage of the tuiialiilc laser source provides six slots for 
printed circuil botiitis aiul the pow er supply module. It is 
itiade of ziui: -plated steel and is strengthened at different 
points to w ilhstand the acceleration forces of the heavy 
optical unit. 

The mainframe power dissipation is approximately 150 
waits, A dc fau located aE die n^ar panel of the Instnnueiit 
keeps tile temperature rise inside the carcicage and around 
the optical unit well lielow 15°C. 

Wavelength Calibration 

For wavelength call brat ion nf the tunahle laser sources, 
therc iire two dependent variables (the etaion and grating 
angles) that can be vaned to gel the desired wavelength 
with niaximimi output power 

One calibration method is to measure the motor positions 
for each wavelength setting, Assmuing a tuning range of 




Fig. 7* (Jptical unit of the tmiable laser ,^ource, showing f he 
optoblrjck and srjiiie i-N^meiits of flip hPMt rharnhnr 



100 nm and a wavelength resolution of 1 pm^ this wTJuld re- 
quire 100,000 calibration pc:)jnts. For each calibration point 
the two motors have to be moved so the desired wavelength 
is obtained with maxmnim output power. If each measure- 
ment lakes only 10 seconds it would take about 12 days to 
complete a calibration. 

Another way of calibrating is to calculate as much as pos- 
sible and meiisure only a few reference points. The number 
of calibration points is then dependent on production toler- 
ances and uncertainties. This is the method of calibration 
used for rhe tunable laser sources. 

Grating Calibration 

In (he first step <if tlie calibration process, the angular 
onenlaiion of the grating (or position of the motor drive) is 
determined for several discrete wavelength values ^ sm:h a^i 
A I and K2 in Fig. 8. The laser output beam is coupled by an 
optical beamsplitfer to a high-precision wavelength jneter 
iind to an optical power meter. Thus, I be laser oiUpnl wave- 
length and output power are measured simultaneously The 
etaion is arranged at a fixed, but unknown angular position 
(\i). The grating is now moved witJiin the tuning range of 
the laser (around 1540 run for the UP 8H>8Aj urUil the output 
power is at a local rtiaxtnumL If this is the case, the maxi- 
nmm t»f ibe grating reflection cune is loc;ated at a transmis- 
sion max in mm of the etaion. This Is illustrated in Fig. B 
where the niaximimi of the grating curve G| is at the etaion 
transmission nuixinmm Ei. The corresponding wavelength 
},] is detennir^ed with the wavelength meter This wave- 
length and the grathig position conslitute the first data pair 
of I he flrsl calibration fiata array. 

Finding the local maximum of the output power is not a triv- 
ial problem. The ineiisured output power curv-c^ is very noisy 
becaust^ it inclucics the laser's gain ripjjle and son\e mea- 
siui^mcnt uncertaiiUies. To get an accural (^ transmissioji 
maximum, signal processing using fast Fourier transfonn 
:j.Md digital llherir^g lerhniqups is necessary. 

After the first data pair is measured, the grating is moved by 
a fixed amount (Tor example 10 nnV) to a second position 
and \H tuned unt il the cjutpu! power is again a local maxi- 
mum. This corresponds to the situation where the maximum 
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Fig. 8. T\w cune with Iho poiiks 

mitted power of llit* e talon as a 
fuiK'tJon of wave length. Tlie 
peaks lahflcd (i j aiid G;j rep re- 
sent tho reflt^f tivity versus wave- 
length for two different anj^ular 
positions of tlie grating, P'or niiix- 
Imuni feedback the n'taximuni of 
the refleciivit:>^ c iirve must coin- 
eide witJi a max J mum of the 
trani^ mission cuno. 



of grating riinT G^^ in Fig. 8 i*; locateri at the etalon transnils- 
sitjn maxirnitni E7. Tlif rorresiKmding wavplength hj and ih*^ 
giating position are storeti as the .second data pair oft lie 
tirsi (Calibration aiTay. TJiis ]>rocediire is repeal eiJ for ihe 
desired number of calibration points. The ntiniber of calibra- 
tion points (about It)) is selected according to the total Inn- 
ing range of tiie externa! -cavity laser Later, when the laser is 
tuned to a desired wavelength thai lies t>etween two calibra- 
tion wavelengths, a lineai" inteq>olation between these tw^o 
wavelengths is done to detemiine the correspcjnding posi- 
tinn of llu^ grating drive. The linear inteipohition is good 
cnioiigb bocauHO the transfer ftinetion (motor .steps to grating 
angle) is nearly linear, 

Etalon Caiibralion 

As mentioned above, the etalon is arranged at a fixed but 
unkm^wn position (Xy j daring the calibration of the grating. 
C-alibration of the etjilun rotation is also required for pre- 
cisely acynsting a wavelength I hat is located between two 
transmission maxima of the etalon— for example, wave- 
length Aj^ between the points Xj and A2 in Fig. 8. To ensure 
maximum laser output power at Xti^ a transmission maxi- 
miun of the etalon has to be at a maximmn of the grating 
retleclion cune. Thus, in Fig. 8, (he elalor^ transj Mission 
ciUTe has to be shifted sueb (hat Ihe iransinission iiiaxinmni 
E3 is at tlie position ?^i. At the sante time, the grating posi- 
tion has to be changed such that the grating reflection curve 
hiis its inaximutu at }^i. The required grating position is 
derived by inteipolation between the rali brat ion points ki 
and Ao. The shift of the etalon tjansniission maxmiii:Ti to X^ 
is aceomplisbed by aiipropi iate rotation of the motor axis 
on which the etalon is fixed. The tmgle by which (he nTf)lor 
axis has to be rotated to shifi (he t^talon iransniission cnne 
is taken from a sec und rlata airay. which contains data pairs 
consisting of wavelength shifts and the corres]>oiuling 
angles of rotation. 

To obtain the data pairs of the second array, Orst the refc^r- 
ence position for tite etalon (a = tiniax ih Fig. 4) iias to be 
found. This is done by tuning the etalon the way llie wave- 
length decreases. At eacli setting the gratir^g position is cor- 
rected as mentioned above. The reference position is found 
at the nnnimum wavelength position and conesponcis to the 
zero point (wavelength shift = in Fig. 5a), 

Assinne that the reference position conesponds to h2 in Fig. 
8. Now. the motor axis is mtated by a fixed aniotnil, for ex- 
ample 1 degree. The grating is then moved sUghtly 10 the 



new wavelength measured by tlie wavemeter. Let the wave- 
length at thi.s position of the etalon be A,.^[t. Tlte data pair 
consist ing of the difference between }^r.^\i and hi and tlie 
angle of rotation of the axis (1 degree in this example) is the 
first entry in the second data airay. The rotatioti tingle of the 
axis is expressed as the corresponding position of the motor 
position encoder tind stored in this form in the second data 
array. Next, tlie axis is rotated furtiier by the same fixed 
amount (1 degree in this example), the grating is again read- 
justed, the resnhing waveler^gth is read, and the difference 
be(ween this waveleitgth and av fogelber with (he total rota- 
tion angle [2 degrees) of tiie axis is stored in tiie second 
data array. This procedure is continued imtU the etalon has 
completed a rotation by 180 degrees. 

The wa%^e length tuning of the etalon Is dependent on the 
absolute wavelengdi. To minimize calibration time the liuiing 
function is only measnred at one wavelength and stored hi 
the second data an^y. For the other transmission maxima 
this array is corrected by the following formula: 



Correction 



jt - arc cos f(marii AX) 
n — arc cos ffini, AK) 



where m is the order of the etalon maximum and AK Is the 
wavelengih shift. Losing the calibration data of the second 
data array and this equation, it is possiljle to atljusi imy 
wavelenglh shift between two transmission maxima. Tlie 
wavelength range that can be covered by the etalon rotation 
is detemtined by the parameters of Ihe etalon. In the IFF 
816SA, this w-avelength range is about 2.2 imi. If a desired 
wavelength shift lies betw^een any two values in the secotid 
data anay, a linear interpolation is done (o obtain the proper 
rotation angle t)f the motor axis. 

Absolute Wavelength Calibration 

Returning to Oie task of at^justing the wavelength i^ in Fig. 
8, thert^ is still one problem to sohe. Even though it is now 
possible to shifi the etalon transmission cnr^e by a desired 
waveletiglh inter\'ai, it still has to be deiemiinedby wiiat 
amount it has to be sliifled so that an etalon transmission 
nijixinnmi (such as Ey) is at the positiot^ X^l. For tlas purpose, 
it has to be detennitied at w^hich absolute wavelength posi- 
tions the etalon transmission maxima at the etalon position 
angle X^^ are located This is done in the following way. 

First, two wavelengths are chosen that have been accurately 
measured with a wavf'leiigth meter ushtg the proccdme for 
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detemiiniJig the first data army. Assume that these two 
wavelengths are /.j and h^ as ^ovvn in Pig. 8. Se\'eral etalon 
transmission maxinia E^ to Efj are located bet\i-een a^ and 
y,9. As explained earlier, the wavelength difference between 
adjacent maxima is the free spectral range of the etalon 
(FSR) and satisfies the following formula: 

FSH = ?M2d(n^ - sm^a)!^^)^ 

where a is the wavelength transntiltcd through the cia3on» n 
is the refractive index, and a is the angle of incidence. Since 
the angie of incidence ci^ at the initial angular position of ihe 
etaJon is not knoi^Ti and is typically small (a few degrees), 
the approximation can be rnade that the temi sin^ct is zero. 
Then: 

FSR = X2/2dn. 

As an approximation, >, is selected to be ki. Tliis gives a pre- 
liminary value for tire FSR. Denoting the orders of the etalon 
transniission maxima at K\ and h? as mi and m^x respec- 
tively, and the difference between mi and m^ as Am^ the 
foUowJng applies: 



Am 



h 



ki 



FSE 



With the constraint that Am has to be im integer and \^ith 
ki and kj knowuj this equation ctiii be used to correct the 
preliminai>' value for the FSR. 

The absoltite value of m^ can be calculated as: 



mi 



Am 



Now, using the following equation, the absolute wave- 
lengths of the etalon transmission maxima subsequent to 
the TTiaximum E\ are calculated. 

For example, the following applies for the wavelength k^ at 

etalon transmission maximum E2, which is the first after the 
transmission maxiniiifn at Xi (corresponding to the order niij: 

>-imi = XE^(mi- 1). 

All subsequent transmission maxima are calculated by the 
stepwise decreasing of the order m of the transmission by 1, 

Now the wavelength difference between the desired wave- 
length }^j and the ac^acent etalon transmission maximum 
(peak E3) can be accurately determined . The rotation angle 
of the motor axis (or difference in motor encoder positions) 
con t'sponding to this w^avelength difference is looked up in 
the second data array. This value is corrected as explained 
above arid then the axis is rotated by the calculated amount. 

This cahbration method is fast and accurate j and takes into 
accoimt the manufacturing tolerances of the optical and 
niechan ical components. 

Acknowledgments 

Many people contributed to the HP external-cavity laser 
tlesign. We would paiticularly like to thank Michael Becker 
for his teclmical contributions, and our colleagues from IIP 
Laboratories, Microwave Tecluiology Division, and Signal 
Analysis Division. 



h/h 



Pebmajy M^ He wI(?tt-Patrkard , ft ju ma I 27 



)Copr. 1949-1998 Hewlett-Packard Co. 



External-Cavity Laser Temperature 
Stabilization and Power Control 



The theory and operation of the laser temperature control and 
measurement circuits and the output power control and calibration of the 

HP 8167A/68A tunable laser sources are presented. 

by Horst Schwelkardt and Edgar Leckel 



The operating temperature of the external -cavity laser of the 
HP SlfiTA and 8168A tunable laser sources is from +^C to 
+3r>''C.l To nieei instnunent specifications over this tempera- 
ture range it is i^ecessiiry to stabilize the f emi>erature of the 
key internal components. 

The simplest way to control temperature is to generate heat 
only, without forcctl cooling. This concept requires a cavity 
temperature Tcy^v of iibout 55 ■C. Therefore^ iill components 
in the chain from the laser I o the power meiisurement ampli- 
fier aj'e located in a controlled teniper^iture environmem at 
approximately 55 "C. On the other iiand, for long laser life- 
time and low tlirt^shold cmTcnt, tlie laser chip (emperature 
needs to be less than 25' C. In the HP 8167A/fi8A, a Peltier 
cooler is used because of its small dimensions and Its heat 
pump capacity. This allows a laser chip tem()craturc of 
approximately 2(FC. 

Tliis article deals with the laser chip temperature control, 
the temperature sensing circuits, the output power control, 
and output power calibration. The hardware that performs 
these functions resides on the laser control board. 

Laser Temperature StabUizatioti 

Fig. 1 shows the Uiscr temperature control loop. Laser chip 
temperature is metisured by a thermistor chip whicli is 

y^trMoliafai 
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Fig. 1. Laser temperature control loop. 
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Fig. 2. Ekidj^fi amplifu'ir with LiAr (f I jgil.aUto-analojti converter), 

mounted near tlie laser diode on the cold side of the thermo- 
electric Peltier cooler. A resistor bridge sejises the deviation 
from the set voltage for the laser chip 1 emperature. The am- 
plified signal Vi ]) drives tlie input of an integrator The inte- 
grator output feetis a volt age -to-currenl converter, which 
delivers the current for the ihennoelectric cooler. This 
forces the cold side of the cooler to change its temperature 
mitil the thermistor value Rktc ^^ equal to R^i.t- At steady- 
state conditions, Rf^j re = Rsci ^^^^ 1^^^ bridge amplifier output 
V] jj = volts (no integrator input current). 

The resistance R^^^ is adjusted using a fJAC as shown in Fig. 
2. The relationsliip between R^t't and the DAC value is: 



Hfipr — 



Rl(Rv/Ri - DAC/4096} 



Rv(l/R4 + 1/Rk + 1/Kv) + DAC/4096 



in 



where: Ri - S8.S k^ R., = 17J2 kQ. Rk = 215 kU Ry = 147 
k^ iind s DAC £4095. For example, if DAC = 2048, equa- 
tion 1 gives R^H " 12.2 kQ and the bridge amplifier gain is 
dVjjt/dT = -1.41V/'^(\ With DA(^ values from to 4ffii5, the 
laser chip temperalure can be ctiariged by more than lO^'C to 
select a desired operating point. 
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The relation between the thermistor resistance and the 

thermistor temperature is described by the Steinhart-Hart 
equation, equation 2: 

l/r = A + B(lnRi^c) ^ CilnRrnvf. (2) 

where R\rrr ^ th^ themtisior resistance in ohms and T is the 
absolute temperature in Kehin. The specifications for the 
thermisiors used in file t\uiable laser sources are R\tcC-0"C) 
= 12 kQ ±10% and negative temperatorc coefficient NTC - 
-Q.mSrC at 20^C. Using these values and modeFrng by tlie 
Steinhart-Hart equation gives the curves in Bg. 3. For the 
nominal cur\'e. A = 8.7636 x 10^, B = 2.5084 x 10^, and C = 
2.1774x10-1 

For DAC = 2219. the control loop will set R^tc ^ Rst^i - 12.0 
kQ. independent of the themiistor curv'e. Thus Fig. 3 shows 
that the laser chip temperature T wiW be between 17.2'^C and 
22.5"C. This means that, depending on the particulai' therm- 
istor, the cooler current change will be somewhere in a 
200-mA range. This was considered too much variation. 
Therefore, instead of adjusting the DAC for R^et = 12.0 k£2, 
the laser diode drive current is set at 30 mA and the DAC 
setting is ailjusted for a tlienimelectric cooler current of Ip = 
SOO niA, whicli corresponds to a cooler temperature of nom- 
inally 20^C, The temperature control loop then nraintains a 
constant laser temperature. 

Laser Temperature Measurement 

To measure the absolute laser chip teniperatiire T another 
bridge amplifier is used. The parameters for this bridge am- 
plifier are; R] = 38,3 kO, Rj = 38.3 kU Hr = 5(12 kO; Ry - 
infinite^ Vrepi = lOV Rntc is calculated with equation 3: 



Rntc 



VhkfiH + i^K/R4}- Vld^ 



(3) 



For example, rcatling bridge output voltage V|jj = -5. 28 TV 
and inserting this value into equation 3 gives K?jtc = ^2.0 
k£l From equation 2 we get T = 20.0'^C. The actual laser chip 
tert\perature will be T ^ 20.0 ±2.7^'C because of the 10^> 
thennistor tolerance. 

Laser Power Control 

A tunable laser source provides optical power over a spe- 
cific wavelength range. Thus, in addition to depending on 
the same parameters as in a fixed-wavelength laser source 
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(temperature, coupiing. materials, etc.)t the output power is 
also a fiinction of wavelength. To level the output power in 
the HP S167A and 8168A tunable laser sources, a pow er con- 
trol loop is used (see Fig. 4). The control loop is similar to 
that use<l in the laser sources for the HP 8! 5^5 A optical 
power meter ^ Because of gain variations with wavetength, a 
variable-gain amplifier is inserted in the loop instead of a 
fixed-gain amplifier. 

Laser output power F\^^ is coupled into a fiber coupler witJi 
coupling raUo Ki-aijij- Tlie coupUng efficiency from a parallel 
beam Into the fiber coi[pler is Knber Thus the output i>ower 
at the front-end connector is: 

P(>rl = PlasKfib^rC ^ - ^mio)- W 

Nominal values are Kratio = ^-^ ^nd Kfiber = 0*^- ^^^ portion 



* det ~ Plas*^|iI>er"^ratio 



( 1 ^ruiiQ) 



(5) 



is coupled to a germanium phot odi ode detector for output 
power monitoring. The detector feeds a transin;pedance 
amplifier with output Vxn^ip: 



^\\MP = PdeiKdRflj 



(6) 



where R^i is the responsivjty of the photo diode (A/W), Rp^ ^s 
the feedback resistor (ohms), tUid P^^[ is given by equation 5. 

All components in the chain from the laser to the transim- 
pedance amplifier arc located in a heal chamber and are 
thcrcforL^ m a controlled temperature cnviromnent at ap- 
proximately 55 ""C-. This reduces temperature dependence 
significantly by shifting the long- wavelength tail of the re- 
sponsivlty to wavelength values greater thmi 1550 nm with 
increasing temperature. 

A nmltiplying DAC with gain Gjflcia4>(X) provides the voltage 

^MON- 

A calibration procedure {see below) determines Gnidac*(^) 
for each wavelength so tliat. Vjvton ^ I^pcJ ^ 5V/mW indepen- 
dent of the wavelengtli. Since GnMiatC^) ^^^n only take values 
greater thati I, the transimpedance resistor Rn, must be se- 
lectable according to the change of responsivity at center 
wavelength (1310/1550 nrii) mn\ the coupling ratio specifica- 
tion of the fiber coupler to achieve 5V/mW for V^q^j. A 
rocker switch pro\1des values from 19,2 kQ up to 178 k£l 

The set voltage Vp^j^.p,. ^^i^^. for the desired output power Is 
generated with the 12 -bit power DAC shown in Fig. 4 ac- 
c^ording to equation 8. giving a resolution better than 1 fiW: 

Vp<m'er d^ = -^ecl ^ 5V/m W = -Vrkf I MD AC/4096, (S) 

where < MDAC <4095. The difference -Vmon ~ ^ power dac 
is the input of an integrator with Ume constant T( ^ ^ I nis. 
The integrator output controls the irtijut voltage V( s ofa 
cmTcnt source which generates the laser current Ild- Tins 
(Teates optical power according to etiuation 0: 



SW = fW^SflLl)-Irhr), 



m 



Fig. 3* Thpfifustur variaritni.s. 



where Ifj^r is the threshold current for lasing, Pi^r i^ Ihc 
optical pcmerat Ini^. and S is the k^sereiriciency (^iW/rrLA). 
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A typical meaisiircnieiit o[ output powtT versus lime under 
chiinging operaling conciitiims is shown in Fig. r^. The total 
change in the oiit])Ut power wiis 3 \iW or O.CK57 tlB For a 
ehange ol operating lemi)eraiure IVoni 2d''C \n 40 C. 

Modulation is applied by switching the laser current 1| [> on 
and otT witti a <lnjy cycle of 50%, The nujdulntcii signal after 
the varialjle-gaiii anipliller is averaged hy a tow -pass filter 
(third-tader Bessel with fg - 26 Hz) with a gain of two. Just 
cimcclinf^ the GtHis duty cycle. To get stable behavior in the 
modulated mode, the integrator time constant was chosen 
to be Tiiioii - V6 ms- 
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Time (minule^) 
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Fig. 5. Power stabilliy vltsus liuie for a etiange of ioubieril tempera- 
ture froni 2B°C to 40°C\ 



Since optical output power is specified aiYer 2 m of fiber 
cal)k\ the insertion loss A^onn of the output fiber must be 
taken mto account. With A^^onii = 1 3 dB, the set voltage 
^power dac i^ muUiplied by 10^-^^^^' to compensate for the 
wonst-case insertion loss. 

Output Power Calibration 

Calibration of the optical output ptjwer of the timable laser 
source is iNxcssar> to ensure constant outiHil power and 
maKirnuni laser out pui power as a function of wa%'elcngth. 
A typical chai'acteristit. loi' live output ptjwer of an external 
ca\ity laser at constant laser diode chip curreitt is shown in 
Fig, 6. 

To guarantee a long lifetime, the semiconductor laser chip 
can only be driven up iu a max i muni const ;y it current level. 
This then determines the maximum power as a function of 
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Fig. 6. Tjpiuil rjutput fuiwer of an esteniat-cavity laser ai epiistant 
drive curretit as a fmiction of wavelength* 
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wavelength. To stabilize the ouiput power as a function of 

time the laser is operated in a po\^ er fee<iback loop. Because 
the loop is set for a piuticular power le\'ei* not a particular 
eurrent level, we need to measure the nxaxin>um laser power 
as a function of wa%eiength to determine the maxiniuni 
power available for a given power setting. 

Several internal optical parameters, such as the photodiode 
responsi\it>' and the splitting rati(j of the coupler, aie wave- 
length dependent. To guarantee tJie flatness of the output 
power as a fiinction of wavelength, the whole arrangemeni 
has to be calibrated as a function of wavelength. 

In the power control loop, the hght comiiig from the laser 
diode is split by a coupler into the output power P^,t.| and the 
power incidenl on ihe photodiode. Pfj^.^. After the rransimped- 
ance amp^jfier with rLxe<:i gain, the detected power signal is 
controlled by a nntliipJying DAC to generate a wavelength 
independeni signal This voltage is proportional to the opti- 
cal output i)Ower aiKl Is compared with the desued \^oltage 
from the power DAC to control the Ijiser current source. 
Cahbration consists of detennining the nmltiplying DAC 
setting for each wavelength to compensate for aU of the 
wavelength dependent effects. 



The gain of the iriullif)lying DAC is 
GjTidm^ - 4096/i\IDAC. 



(10) 




1480 ISM 1520 1540 I56D 1589 
Waueterrgih Inm} 

Fig. 7- ReKult tif power flatiiei^s and maxiniurn [MWtL't C!allbrati(]n as i 
hmvA ]on of wavpJenji^t h. 



where < MDAC ^ 4095. For the caiibration measore- 

menis we bypass the mtiltiplying DAC, effectively setting 
^'mdac = i» and atijust the output power so thai \'\[0N = 
^ XLMl^^^mdar = constant. Wc determine the nieasured propor- 
tionality factor RraiiC^-) i^i v olts per watt by measuring Pp^-i at 
each wavelength; 



Kcali(^^) ^ 






(11) 



Then the gain of the multiplying DAC needed for any wave- 
length is: 



tjmdacf^*) 



^^MDXwmit Kwai^l 5V/niW 



VmONcciIiA) RcaJi(^) ^V3h0^)' 



(12) 



After this calibration the output power is easily cJiosen by 
setting the power DAC: 



Vpower cliic — 1 w^iEf^wanl - "wanL^ 5V/niw. 



fl3) 



The last calibration step is to detect the maxinmni power of 
the laser as a fimction of wavelengtli at the nuixiniuni dii\'c 
cun-eni. The fiTial power DAC value is then: 



^ po^'t^r dac - * rriiix ( ^0 " want > P want — PniaxC ^0 ■ 



:i4) 



Thus, to get constant power as a function of w^ave length it is 
only necessary to change tlic gain of the multiplying DAC, 
and to gel different output powers at a lixed wavelength it is 
only necessar>^ to change tln^ i>ower DAC. 

The result of the calibration is shown in Fig. 7. Cmve 1 shows 
the nmxittmru outi>ut power of one tunable laser source. 1.2 
inW is tfte limit imposed by hkser stifety regulations. Curves 
2 to 5 are exattiples of constant power-versus-wavelength 
cur\^es. 

TFie calibration setup requlics fjnly a puw^ei" meter and a 
conlrollt4\ 
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Dual-Output Laser Module for a 
Tunable Laser Source 



This reliable, hermetically sealed laser module is a key component in the 
HP 81 67A and HP 8168A tunable laser sources. The semiconductor laser 
chip is precisely and stably aligned to two output lenses. One facet of the 
laser chip is antireflection-coated and has very low residual reflectivity, 

by Roger L. Jungerman, David M< Brauiii and Kari K. Saiomaa 



Wave 1 e n gl [ VT u 1 1 m1 ) I e 1 1 ^fi 1 sen i rces in the near-j n f rajpd wa ve- 
lenglh band oi I'iOEf lo 1550 nm aw frndlng increasing use in 
fiber oplic instrumentaiion. Applications include character- 
izalion of gain in optit-al ampliJlers as a function of wave- 
len^h aiKi optical tlispersion nieasurernents in fiber systenLs. 
One methrxi of making a widely tunable, nairow-linewidtli 
oi>tical sourre is lo use an external-cavity laser (Pig. 1). This 
laser Ls wavelength-t uned by mechanically rotating a diffrac- 
tion grating. A wavelength -selective side-mode filter ensures 
single-mode ojjeration. As indicated in Fig. 1. ^^ui integral pai1 
of the external ca\ity laser is the laser module, which is de- 
sciibed in this article. The design of the extennil-cavily tun- 
able laser source as well as several instmment applications 
are covered in iitore detail in the articles ot^ pai^es 1 1 and 20. 

The laser module must maintain precise alignment between 
tht' laser diode and tw'o collunating lenses and provide elec- 
ihciil conni^ctions for (he laser chij) drive cuiTcnt Lmd the 
laser temperatiu^e controller. We havt^ provided this I'unc- 
tionality in a smaD, robust and hermetic package (Fig, 2). A 
schematic diagram of the laser niodnle is shown in Fig. A. A 
semiconductor laser chip with one facet antirefiection- 
coated is solder-mounted to asiibmount and heat sink. The 
heat sink is tempeiTit ure-controOed with a Peltier cooler 
using a tliemiistor to monitor the temperature. The reduced 
temperature extends the laser life and increases the ojUical 
oulput power for a given laser currenh hi addltiun, by mini^ 
mizing temptTnture fluciuationSt Lhemially induced rerrac- 
live index changes in the chip are reduced. This improves 
the wavelengtfi stability of tfte external -cavity laser 

Semiconductor lasers operating in a hmnid environment can 
have compromised reliability. Tliis is particularly true when 
the laser is at a reduced lemperature. which encourages 



w^ater condensation on the laser su daces. To avoid this 
problem in the module, hennetic solder seals aie used 
throughout. 

Semiconductor Laser Chip 

The optical signal lor (he extenial-cavlty laser is produced in 
a seinicorulurior laser diode chip. The laser diode is a qua- 
ternary InGaAsP index-guided buried-heterostructuie device 
jntxiuced on an InP substrate. The center w^avelength of the 
laser is deteriiiined by the tiuatemaiy material composition 
ai\d can be vaiied to produce lasers with center wavelengths 
near the Iw^o wavelength bands of interest in teleconnnu- 
nications, 1300 nm and 1550 nm. The endfaces of the device 
are cleaved to produce semiconductor mirrors, Ohniic con- 
tacts on the top and bottom of the device are used to ii\ject 
current, which produces optical gain and light output, .^iti- 
reflection coating on tlie cavity-side facet of the laser diode 
reduces the feeflback from this facet. This feedback must be 
minimized to give a broadband tuning range ( > 100 nm). 
Refieclions would intioduce ripple in the powx^r output 
spectnmi of the extemtil ca\ity source as described in the 
ailicle on page 35. Small amoimts of output power ripple 
can be compensated by varying the laser^ drive current in the 
iustmment to achieve constant ijower However for maxi- 
mum oulput jjower stability in the source while sweeping in 
wa\ elength, it is desirable to minimize the facet refiecti^itj^ 
as much as possible. 

Very* good aniireOection c^oatii^gs can have a reriectance 
beiow 0J% across a 200-nm bandwidth. Tlie ripple in the 
output spectrum of the laser can be used to measure the 
residual reflectivity of the coatingJ Brst, the output spectral 
ripple of the uncoated chip is measured at a drive current 
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Fig. 1, J^chematic diagram of a 
v\ avelength-tunahle extenial 
cavity laser containing a hermetic 
laser module. 
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Fig* 2, Laser module vnth cables aitachecL 

below the lasing fhreshotd (Fig. 4 ). Knowing the uncoated 
facet reflectaitce and then measuring the ripple in the same 
chip after coatmg. it is possible to ealeulate ilie coating re- 
flectance as a function of wavelength (Fig. 5). Tliis result is 
for a tiiree-layer coating of hard dieiectric materials that are 
impenlous to changes in humidity. This stable multilayer 
coating has a much wider i-ange of wavelengths with low 
reflectance than can be produced with an ideal single -layer 
coating. The antire flection coating must lie optimized 
separately for both 1300 nm and 1550 nm lasers. 

Module Assembly 

Before it is coated, the laser chip is soldered to a submount 
that has lugh thermal conductivity and provides a good llier- 
mal expansion match to the device. Both of these submount 
properties tue critical for rehable long-tenn laser operation. 
The submount is soldered to a metal heat sink and attached 
( o a Peltier cooler mounted on a metal carrier A themiLstor 
for temperature monitoring is mounted on the heat sink. The 
laser is then precisely aligned to the two lenses and all three 
components are soldered in place as shown in Fig. 3. Before 
fixing the eoniponents in place the module is tested in an 
external ca\ity to ensure stable single-mode operation with 
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Fig, 4, Spectral ripple of an (a) un coated and (b) antireflet^tiGn' 
caateci semiconductor laser measured below threshold. 

the lowest possible threshold. Extremely precise hiser-to- 
I ens alignments are required for optinmm instrument opery- 
t ion. Laser-to-lens misahgnments of less I han a tew miei'o- 
meters are required of both lenses before assembling the 
module into aji insinnnent. Misalignment of I he lens ami the 
laser raiLses output beam defo<:*us!n|;* or tiltiJig. Aller the 
alignment is veritied the package is rhenked for k^aks using 
hehum, backfilled with dry nitrogen, and solder sealed. A 
cable and an electrostatic discharge (ESD) protection plug 
are attached. Proper ESD procef!ures are obser\ ed through- 
out the pi'ocess since ESD damage can cause latent laser 
failures, which degrade the long-term reliability of the mod- 
ule. Once the module is assembled antl aligned in kui instru- 
ment, the long-term ahgnnient tolerances are even more 
severe — on the order of a few tenths of a micrometer. The 
Peltier cooler in I he niodule and the heated imd enclosed 
environment of the insinnneru help giimx! against thennal 
expansion of ttie package, wluch conld produce misalign- 
ments iind rHjtpin power vtuiatioas over the operating 
temperature range of the instrument. 

ReJiability 

The laser mod ides described above have been stress tested 
as shown in Table 1, w ith no failures. Temperature cycling 
and mechanical shock and \nbration tests poiiil out weak 
spots m liie solder process, tJiermal mismati'li problems, 
and unreliable wire bonds. For more sensitive humidity tests 
a smaU humidity sensor wlls placed in a module which then 
underwent high humidity folk) wed by Iherrtial cycling a:nl 
an additional humidity lest. No change in tin* internal pack- 
age dew^ point ( < -20"C) was observed. To test laser chip 
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Waveleitgih Inmt 

Fig. 5- Antirf^nfictlon t^oiUing rf-flf^cuvity :is a l'unf!tirjn <if wavfil^'i 11:51 ^ 
Ciilculaied from the spt^flral rippie iH't'ori" and after t oatiiig. TIk' 
roaliitg curiiiisls of lliree layers ^f hard tliflecirif mat E^riak. Alno 
&howt\ are itieoreiical curves fur a three-layer eaaiitig and an idfal 
single-layer coating. Hie use nf rriorr* la>'ers nsults in a Itroadfr- 
baiid antirefipction coating?. 

reliability after antireflection coating, lasers at both l'M\0 nm 
and 1550 nni were stressed with higli drive* current at 70^C 
for 3000 hoiirs. Less than 5% change* in output power weis 
obscn'ed. 





Table 1 




Laser 


Module ReliabilitY Tests 




Test 


Conditions 


Duration 


'tenperature Cycle 


-55to+150^C 


10 cycles 


Vibration 


0.02 g2/Hz 
50-2000 Hz 


15 m in/axis 


fluniidity 


85^C 
a5%RH 


10 days 



Summary 

A laser modiiic has been developed in which a semiconduc- 
tor laser chi]) is precisely and si ably aligned to two output 
lenses. One faeel of the laser cl tip isantireOectiorvcoated 
and has very low residual renertivity. The package is her- 
metic and reUable. Tite iitodule is a key component in the 
IIP 81tj7A and IIP 8168A tunable laser sources. 
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Research on External-Cavity Lasers 

The externa I-cavity laser is more compiicated than it seems, showing both 
bistability and multimoding behavior ThoroLtgh detective work was 
needed to understand this behavior and develop the light source for the 
HP 81 67A and HP 81 68A tunable laser sources. 

by Wlliam R. TVntna, Jn and Paul Zorabedian 



The tunable source in Ehe HP 8167A and 8168A tunable laser 
sources is an external -ca\ity semiconductor laser ^ The 
extemal-<.'aviiy laser is an optical oscillator, and like any 
oscillator, it consists of an amplifier witti feedback. The 
external- cavity laser iJt its siniplesl form is sketched in 
Fig. 1. 11 consists of a gain element — a semiconductor laser 
chip — winch is coupled to an external cavity that provides 
wave length-selective fee dbac k, 

A straight optical waveguide is built into the top surface of 
the laser chip, running the length of the chip perpendicular 
to the cleaved chip end facets. \Mien the diode is forw^ard 
biased, gain in the waveguide is generated by optically slun- 
ulated recombination of holes and electrons. Usually, Ltie 
feedback in semiconductor lasers is provided by reflectious 
from the cleaved facets, whose reflectivity Is independent of 
waveienglh. In this simple form the emissif)n wavelength is 
the wavelength corresponding to the bandgap energy of the 
semiconductor wliere the gain is the largest. However, the 
gain bandwitith is typically WHi of the center wavelength, 
and semiconductor lasers can be tuned provided that tlie 
feedback wavelength is controlled The tuning bands can be 
varied by chajiging the semiconductor composition. 

In the external-cavity laser, tunable feedback is provided t^y 
the exteiTuil cavity. However^ the Q of the chip resonator 
must first be spoiled by depositing an antireflection ( AR) 
coating on one of the facets. Light, from the AR-coated facet 
is then cohimated by a lens. The colhmated beam strikes a 





tigNl Be em 



Lssor Chip 



Fig. L Thf„^ external cavity laser in \M mnst common con figuration, 
uyiii^ a diffraction grating ici provide wave long! ii-.s (elective ffedback. 



diffraction grating, which disperses different wavelength 
components of the incident beam at different angles. Only a 
narrow band of wavelengths, which depends on the grating 
angle, is retroreflected back down the optical axis into the 
laser waveguide. The feedback wavelength, and therefore 
the oscillation wavelength, can be controlled by rotating the 
grating. 

Although the extenial-cavity laser appears to be a simple 
device, a number of practical and fundartiental problems 
had to be overcome before the external-cavity laser could be 
put into an instnmient. The practical problems, such as t ight 
mechanical tolerances on the ex'temal ca\ity and rlie diftl- 
culty of designing jmd manufactiuing high quality AR coat- 
ings, ^u-e cov ered in other paper's ui this issue (see pages 20 
and ■32). Here, the topic is the research that led to an under- 
standing of how to control the spectrum of the extemal- 
cavity laser reliably. 

Spectral Cliaraeteri sties 

Two of the csseiuial rcM4uirements of an instrument based on 
an extenuil-cavity laser are that it should be tunable to any 
wavelength wiiliin its turung range, and at each output wavo- 
length it should produce a single-frequency or single-mode 
output. Early versions of the external-cavity laser met neither 
of these requirenienls, hiadetjuale AR coatings iirevenied 
nmir^g l)etween I he spurious chip-cavity modes. More myste- 
rious was tlie seemingly uripretlictable tendency of I he Utser 
to produce ntuUimode ouipui at some wavelengt hs and 
single-mode output at otiier wavelengths. 

The modes referred to here are the modes of the external 
<'avjty, which is long compared (o the optical wavelength. 
The cavity I [uTcfore cisc illates on a wry large ham ionic 
(mode number) of Uie cavity fiuidamental frequency. Several 
thousand external cavity modes spaced by a few GHz he 
within the tuning range of the external-cavity laser The job 
of the extenial cavity is to select one and only one of the 
cavity modes- 
Most of the external -cavity laser tuning problems can ulti- 
mately be traced to a competition between the external cav- 
ity and the laser chip cavity for control of the oscillator. 
Unfortunately, tlu* chip cavity cannot b(» totally elirnitiated 
because AR c Datings with zero reflectivity c;uiur>i be juafie. 
Two of the* more troublesome f^onsequences of the residual 
chip cavity are bistability ami multimoding. 
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Fig. 2. A Kclit^inatic of the 
exLemaJ- cavity laser rojitrnl and 
diagnostic system. 



Control and Diagnostic System 
Tlie infonuatioj) provided by the measurement system 
sketcheti in Fig. 2 niade it possible to make sense of the laser 
behavior An HP 8152A power meter monitored the laser 
power output. A sranniiig Fabry-Perot interferometer was 
used as a high-resolution speetruni analy^^er capable of re- 
solving individual cavity modes. A Burleigh wavemeter mea- 
sured the hiser wavelength to an areurary of 5 parts per 
million. The HP THOOA lightwave signal analyser was used 
as a second ai"yt niore sensitive method of detecting nnihi- 
mode signals. These mstruments and the laser were con- 
trolled hy an IIP 9000 Model 336 eompiiter, which collected 
the measurement data and tuned the laser. 

Bistability 

The fu-st extemal-ca\dty^ lasers built in oin* laboratory con- 
tained laser chips witii poor-quality AH coatings, that is, the 
facet reflectivity was reduced front the un coated facet re- 
flectivity of 30% to only about 4%. While this is sufficient to 
permit timing of the Uiser to wavelengths between the chip 
ca\ity modes, the laser exhibited bistable behavior in some 
spectral regions.^ 

All example of a bistable exienial -cavity laser tuning curve 
(power versus wavelength) is shown in Fig. 3. The two exper- 
imental curves are the output power of the extemal-ca\ily 
laser as a function of wavelength plotted for wavelength 
scans up atid do\Mi In wavelength. The drive current is con- 
stant and equal to 1.15 tin\es the threshold cmjent of the 
laser chip without external cavity feedback (the threshold 
current is the nmiiinum current for laser action). The output 
power is normahzed to the laser power without: feedback. 
There are clearly some spectral regions in which two v^alues 
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Fig. 3, Theoretical and f^xperi mental output power modulation 
norriiali>:ecl to ice rf>- feedback output power, at 1.1.^ tinies zero- 
feedback tlircshold current, Tor 4% AR-Coated facet reflectivity 
and 22% external -cavity feedback, (a) Miriimuin power, itiaximiiin 
threshold gain . [b) Maximum power, minimum threshold gain. 
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Current (niAJ 

Fig, 4. Powt^r as a fuiicEion of currenl hysteresis, [a) Low-thrf*s]iold 
stare, (b) Low-to-higli threshold traiisiLion caused by momentary' 
feedback intftrruption. (c.) HiglMtireKhoid state, oscillalion extinction 
by current reduction, (d) Hlgb-rfrlow QtresJiold tKHisiUon, reiiiiliaiion 
of oscillation by further rurrent reduction, 

of output power are possible; this is the condition given the 
nanie bistabilit>^. Furthermore^ the oulpul power is periodic 
in wavelength with a period equal to I lie mode spacnig of 
the spurious laser chip cavity. 

With tlie laser tuned to a bistable wavelenglh region, it is 
possible to switch the laser between the two states. In the 
bistable region, tlie laser exhiblt^s power versus cunent hys- 
teresis iis shown in Fig. 4. UTien the current is increased 
from zero, the laser tunis on m the low-lhreshohi external- 
feedback state. A transition from the low-thresh old stale to 
the hig] I -thresh old state is triggered by ni omen tan ly block- 
ing the external cavity. In this sUte, current redicetion below 
the threshold ciirreni of the high-thieshoki state extinguishes 
the output. Further current reduction causes a spontaneous 
tmnsition back to the low-threshold state. 

The periodic nature of the bistable tuning curve in Fig. 3 is 
clearly a result of the residtial chip cavity. The period is cor- 
rect for the 285- fim laser cliip cavity length, and the maxi- 
mum power is expected when the ojjtical signed is tiuied to 
the cavity resonance. However, if this were the only piiysics 
involved, there would be no bistabilily iind the power-versus- 
wavelength ciuax^ would be nearly sinusoidal. To explain 
bistabihty the strong couphng between gain and laser 
refractive index must be included in the niodeL 

The coupling of gain, whicli is protif >rt ional to carrier densily, 
and refractive index can be explained by tu-guments similar 
to those used to model propagation of radio waves in plas- 
mas.'^ In laser theory, t Ite effect is quantified by a linewidth 
enhaiu ement faclnr, a, which was originally introduct^d 1 o 
explain the ajiomalously Imge spectral linewidths of semi- 
conductor lasers. ^'^' W\wn tlie a factor is included in the 
model of an exlemal -cavity laser with a partially AR-coated 
facet, the output iJowerversus-wavelength ctirve distorts 
from a sinusoid to the multivalued theory curve in Fig. 3, 
which is in good agreement with the experiments. The a 



factor is an inherent ct^racleristic of the laser and cannot be 
reduced. However. bistahiliTy can be eliminated by impro\^ 
ing the AH coatings and by increasing the extemal-cavitj' 
feedback. 

Miiltlmoditig 

Even when the AR coadng reiflertivity w^ reduced from a 
few percent to a few tenths of a percent, which cured the 
bisiability problem, good tuning beha%1or could not be guar- 
anteed. The external-cavity laser still suffered from a ten- 
dency to oscillate in multiple modes, particularly in certain 
spectraJ regions. Studying, explaining, and sohing this proth 
lent was one of the most diHicidt imd tinie-consiiming aspects 
of the tunable source development project. 

The mu hi mode behavior of the extemaj-cavity laser is well- 
illusiraieti by Fig, 5, which presents two sets of measure- 
ment data The upper curv e is a plot of the laser threshold 
curretU as a function of wavelength, showing the niodula 
tion effects of the laser chip cavity The lower cui^^e is a 
statisticaJ measurement of ttie fraction of multimoding events 
detected on multiple sweeps. Ttiere is a clear correlation 
betw^een multimoding and the tJireshold cun eiil modulation 
induced by the chip cavity. 

Tlie explanation for the periodic mtUtiinoding behavior of 
the external-cavity laser is centered around the saturation 
beha\ior of the laser. In the time domain, the muitimode 
laser output Is noisy and in some iiTstances pidsates at the 
external-cavity roimd-t rip time period. The atnplifier satura- 
tion will nomiiiQy tend to damp out these ampIitiKle flucttia- 
t ions. TYw damping occurs because, as the circulating power 
increases above ttte equilibriinit level, Uie gain saturates, 
which in turn causes the power to decrease bac:k toward the 
equilibrium level Multimoding of ihc^ type illtistrated in Fig, 
5 is catised when the a factor and the lesidual chip cavity 
work togetlier to switch off the satm-alion mechanism. 

The details of the argimients leading to this conclusion are 
beyond the sct>pe of this paper, but some results of the anal- 
ysis are presented in Fig. (>, which again shows two curves. 
The first is a calculation of the threshold single-pass chip 
power gain imder reasonable conditions of external-cavity 
feedback and Ali-coated facet reflectivity. The horizcjntai 
axis is freqticncy tiomialiKed to otve laser chip mode spac- 
ing. The second curve is related to the satiuution behavior 
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Fig, 5, Ttu' uppprcurv'c is the threshtild rnrn^iTt lUi a fiim'tion of the 
lasfir wavelength, showing modnlation n-siiHin^ (mm the residual 
iliit} cavity The lower ctiA'e is tlie tniiltiiitotliug pifibability as a 
function of wavelength, 
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Fig, 6, T]if' run-f asstjrlatGd with Thf? rlgJif. vpnieal axis is the calcu- 
lated throsiiold sSii"L^e-pa*ss power ^ain tOt) as a fsmciion of fre- 
quency normalized to a single r-f^p niode perinti ,\E-f;oating reflec- 
tivity is 0.32%, external feedback is 7,14%, and u = -^j. The second 

curve is ^ I (j where K B the external f hip gain, G is the .^ingle-pass 
ciiip power gain, and G^ is ihe Utreshuld gain. 

of rhe hLsen It is the derivative of the external chip |>ower 
gain with respect to the internal chip gain. The external gain 
is defined as the ratio of the power coming out of the AR- 
coated facet to the incident power. 

I'niike the internal gain, the external gain is strongly intlu- 
enced by the hiser chip cavdty. A xero value of the derivative 
is an indication that the exten^al gain is not char\ging as in- 
ternal gain decreases as a result of carrier depletion. This is 
possible because even though carrier depletion reduces the 
internal gain, it also times the chip cavity because of the 
coupling of gain tuid refractive index. When ilie crhip cavity 
is tuned closer to resonance by a carrier-ilcp luting optical 
pulse, then the resonanlly enhanced exiemal gain can com- 
pensate for the reduction In internal gain. In effect, the am- 
plifier has become un saturable. In the spectral region where 
tlie derivative is sniLill, the satuiation of the aniplifier has 
been reduced to the point where multimoding is hkely. 

The conclusion draw^^ from Fig. 6 is that multimodittg is more 
likely in the spectral legions where the threshold gain cune 
has the steepest slope. This is indeed what was measured in 
Fig, 5. 

There are two approaches to solving the multirnotiing prob- 
lem. The first is simply to reduce the Ali-coated facet reflec- 
tivity to the smallest manuiacturable level ami at the same 
lime increase the external feedback to the largest piiicticaJ 
level It can be shown theoretically that multimoding wiH 
dlsappe^ir if the facet refiectivity is sufficiently reduced.*' 
The second approacli is lo reduce muhimoding by changing 
the external cavity design. The itlea here is to make the ex- 
ternal cavity filler bandwidth nairow enough so that only 
one external cavity mode lie^ within the filter bandpass. 
Several cavity designs were investigated both analytically and 



experimentally with this goal in mind. Our conclusion is that 
a sufficiently narrow filler catinot be made using the diffrac- 
tion grating alone. For this reason a second filler element — 
a tilted etalon as destTibed in the article on page 2(1 — was 
adfied lo solve the nniltinioding problem. Although the eta- 
lon complicates the external -cavity laser because the grating 
filter and the etalon must be tuned synchronously the etalon 
provetl to be the most reliable multhnode suppression 
method. 

Summary 

Bist ability and multmioding are two imporfanl ph(='Tiontena 
that affect the control of extenial-cavity laser wavelength 
and spectral width. The investigations ai IIP laboratories 
were done to develop a set of single-mode design specifica- 
tions for AI^ coatkig refiectivity, feedback strength, and ex- 
ternal filter bandwidth. (J titer investigations on cavity de- 
sign,' '^''' mechanical tolerances, and phase-con tiinious 
timing*" were also completed. Altogether, the otitcome of 
this work was a signifiCLmt contribution to the development 
of the IIP Sl(>7 A tmd HP 81G8A tunable laser sources. 
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Design of a Precision Optical 
Low-Coherence Reflectometer 



The HP 8504A precision reflectometer uses the classic Michel son 
interferometric measurement technique to allow designers and 
manufacturers to measure reflections easily in optical components and 
assemblies. Spatial resolution is on the order of tens of micrometers. 

by D. Howard Booster, Harry Chou, Mtchaei G, Hartj Steven J. I^lifsud^ and Rollin F, Eawson 



An optical low-cob erence reflectometer uses a Michelson 
inteiTeromeler configuret! with a broadband source to make 
spatiaJly resolved nieasoreinents of reflections within optical 
components and assemblies. The shoil coherence length'^^ of 
the source, usually a light-emitting diode, produces a spatial 
resolution on the order of tens of micrometers, wtiile the 
measurement i^ange is limited only by the tra\'el of the refer- 
ence minor in die interferometen The objective of the HP 
8504;^ precision reflectometer project was to provide the 
lightwave industry with the first commercial implementation 
of the Michelson interferometric measurement technique in 
which iili the components are pro\ided in one package. 

' Law CotieE^rsti^ and sfiQJt cohere r?ce lengtfi are two ways of describing th& same fundatnamaf 
cha^actiBristic ol Ihe UED sDurce in the fefEEttomBt0r. A low-coherence source has a brrad 
spectral content and therefore pt is noisy The broad spectrum means that ttie source wall heve 
a short cohfifence length because the light beam travels only a stinrt distance hefcrfe tt he- 
come^ incoherent 



Willie whrte-Ught Inlerferometry^ has been around for 
some tin\e in research labs, the measurement setup is com- 
plex, tjiiically requiring an optical table and a veiy skilled 
person to make tiie measurement aiKJ interpret the results. 
To be successful, the commercial vei-sion of this n^eastire- 
ment technique needs to he rugged, reliable * easy to use, 
imd iiffordable for manufactuilng applications. To meet this 
chiillenge witliin the constraints of a short development 
cycle and Lhe requirement to minimize development cost, a 
small group of experienced engineers was assembled to 
btJiifl the tlF S504A. Off-the-shelf parts were used ^vherever 
possible axKi every opportunity to leverage previous designs 
was taken. 

The article on page 52 provides a detaOed discussion about 
the Michelson interferometer and white- light interferometry, 

' White-ljght interteromeirv uses a broadband, nois^ source 
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Fig. L Tlie HP 8504A precLsicm 
reflectometer. The top part is 
the disriliiy and signal processing 
.^iection ajid the liottnm part ton- 
lains the optical and dettjciion 
fiard^vare. 
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Several mstitiriienl concepts were considered for the HP 
H504A precision reflectonieter, including a single, deslgned- 
fronvstratch box and an upgrade or retrofit of au existing 
network analyser. The final design tonsists of two packages 
of reasonable size and weight wtuch can he transported 
separately and then reattached without losing factory 
calibration. 

Measurement Example 

Fig, 2 sliows the display of a measurement taken with tlie 
IIP S5()4A precision reflectonieter and an illustration of the 
device under test. The vertical axis of the display show5^ the 
magnitude of the optical reflections seen looking into the 
device and Ihe horizontal axis shows the positions of the 
reflections. 

In this case, the device is a sniali i>ac"kaged laser. The first 
reflection is from the end of tlie fiber pigUiil. Tlie return loss 
is approximately 14 dB, which one would expect from the 
polished end of the fiber. The next two refleclions are from 



the two faces of the package window that provides the her- 
metic seal for tlie laser. The reflections are very^ tow because 
these SLUIaces are coated with an anti reflection film. Reflec- 
tions from both sitles of the spherical lens can also be seen. 
Because of the spherical shape of the lens the reflected light 
diverges, causing lens reflections to l>e small and limiting 
the amount of reflected light recaptured by tlie flber. Finally, 
reflections from tt^e front and rear facets of the laser chip 
are clearly visible. 

Measurements of this tyi)e are nondestructive and valual>le 
to both the componetit designer who wants to o[itimisie each 
element of the component and the process engineer who 
wants to monitor the component's quality and assembly 
process consist ency^ 

Block Diagram 

Fig. 3 shows the block diagram of the HP 8504A precision 
reflectometer. In its standard conflguration. the Instrument 
contains two lig tit-emitting diode sources, one at 1300 mu 
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Fig, 2. Laser assembly measure- 
ment example showing ttie ori- 
gins or the reflections that appear 
on the display, (a) The device un- 
der tesL (h) The HP B504 display 
showing ihe reflections iu clB. 
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Fig. 3. HP 85n4A block ftjagram. 



juk! Ihe oUier at 1550 run. The outputs of the two sources 
arp nujlliplexerl by a wavelength fiivision iTiiiltipk^Tier. (Only 
one source is on at a time.) The t^u([)ul tir lli*^ nrultiplexer is 
split into the two amis of the Mh helson iitterftTomcter by a 
3-(lB din?Llional coupler. The test arm Is simply one leg of 
the flirect ional cout)ler to which a te*st device can be con- 
ned etl The reference arm outpni is polarized iuid collimated, 
aji d aft e r gi )i jig ( h r < >i i gh a retrore H ec tor, is w H ec I ed 1 >ac k 
along the same path by a stationary niin'or and reenters the 



fiixM: This renection from the reference arm is tlien com- 
liint^d with (he ri^fl ect ion from the test arm by the directional 
coupler tuul sen! lo ihe receiver 

The retroreflector doubk^ the optical pstth length for a given 
metiianical travel and also improves the stability of the oi)li- 
cal ai^senihiy. The reference arm alstj ccjntains an extension 
cable timt c*an l>e changed from the instrumc^nt front panel 
By varying the lengt h of (his extension cable, the reierence 
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plane of Oit* nit'aiiurcnieiit vim hi* posit ioiit'il at any clesimci 
I7oint — that is, thp n]oasuremenl winttf»w vim be offset to 
ccjiiippn^iatt* for the fiber piglail on the (ievice under Lesi. 

The retroreflector scans during the mc?asuremenT and hence 
the lighl reneetec! froni I he reference ai'ni of the refleetonie' 
lev iw shillt^ci in tretjiu^ncy {hecaase of the Doppler effect) by 
an amount jjroportional to the seanning velocity of the retro- 
rc^flcetor (a frequency shift of 27,7 IcHz in this ease). Tlrus, 
(wo beams of different optic^al frei^ueneies are incident upon 
the polarization diversity receiver, and it is their difference 
frequency (or heat frequency} of 27.7 kliz Uiat is processed 
by the receiver. 

Pro\isions are made that allow the user to eonflgui"e the PIP 
.Hri()4A into a general -fitapose Mirhelson intfrferonteter. The 
connector pair in the source ann makes it possible for the 
user to provide sources to be used with the interferomeier 
and the connector in the receiver arni makes it possible for 
the user to supply externa] receivers. This opens up a wide 
variety of measurement applications. For example, the user 
caji obtain the coherence function ol a source by cuiuu'ciing 
it to the source ann input. The user can also corn^ect an op- 
Licai ampliller between the soui'ce arm coimectors to im- 
prove the sensitivity of tlie instrunient. In addition, the mov- 
ing relroreflector anti I he zero-span feature built into the 
user interface allow the IIP S'lO-lA lo be used as a program- 
mable, variable, optical delay line wilh 1.3 ns of total raiige 
and 8 fs of resolution. 

Receiver 

The hardware^ blocks that make up the receiver portion of 
Ihe HP 8504 A are shown in Fig. 4. The polarization diversity 
receiver delects the optical inteiferencc signal generated by 
llie combined reflections from the lest ann and the reter- 
ence ami of the interferometer. The electrical t uiTcnt output 
IVt.Kri tlie poliui>:alion diversity receiver is converted into a 
voltage by the transimpedance amplifier and fed to a band- 
pass filter to reduce unwanteci frequency components. 

Next, the envelope of the interference signal is detected by 
an ac i i ve f u 1 1 - wave n h- t i 11 e r ci rn u\ fo 1 [ t > w ed 1 >y a I o w -41 ms 
niter. The resulting dc signal is ted to a sample and-hold 
circuit, a multiplexer, ^md tiien on to the analog-to-digiltil 
converter in the display section of the instrument to be 
processed for display. 



Polarization Diversitv Receiver Tlie purpose of tiie pohuization 
diversify receiver is to remove the undesirable dependence 
of the interference signal on pcjlarization transfonnations in 
the test arm of the interferomeier In the IIP 8n04A, the ]3{i]m- 
ization diversity receiver consists of a polarization siJlilter 
that splits the mcoming optical fields into two orthogonal 
pohu'ization components, each of which is imaged onto its 
o^Mi iilujtodiode. These two phototiiodcs are describt^d in 
the article on page 49. 

During the hist niment calibration procedure, the test port is 
first teiTiYinated with a low reflection, so that only the refer- 
ence arm reflection is detected. The polarization controllers 
in the receiver arm turc* then actju.sted such that the optical 
powt^rs in thi^ two orthogonal polmizaticni axes mv roughly 
(X|ual. This ensures that an interference sigrtal will occur 
regardless of the polaiization state of the signal in the test 
arm. The device tmder test is then connected to the tesl port 
and the resulting interference signals are detected and con- 
verted to a cmTcnt that consists of bmsls of the 27,7-kUz beat 
frequency. Tlie peak ampLitude of these burets is prot^oHionaJ 
to the square root of the magnitude of the refleclivity at the 
particular mirror position. 

More detailed information about polarization ;md the iiolai- 
ization diven^ity receiver is given on page 55. 

Transimpedance Amplifior. Tlte transhnpedance amplifier con- 
verts (he ouijnjt nirreni fnmi ihe phoiodiixles in the polariza- 
lion diversity receiver into a voltage at the amplitler output 
(see Fig. 5). Since The information of interest is contained in 
a low-level 27.7'kHz signal, the ampUfier mast be capable of 
processing this fretjuenry ^md also have good noise perfor- 
mance^. However, as fn>quen cy uicreases, the reactance of Oie 
dicxie <'apacitance ( C j>) and stiiiy capacitmice (CjiJ shunts 
the negative feedback port of the operational amplifier, 
causing a potentially unstable condition. Adding capacitor 
Vi across feedback resistor R] helps to corupensate ffjr this 
efteci. 

Noise performance is also improved by adding C|.^ The 
voltage gain for any noise appearing at the inpui of lire 
amplifier is equal to: 

Voltage gain = 1 + Z}/ 2i\ioi\e- 
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Fig. 4. Hf teiver block diiigran:i. 
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Fig, 7. n>Tiariiif.' range oftlie i:^iiveiope delt't^lor usud in lUt^ receiver 
secticm of the HP 85iMA. 



Fig, 5, TransbtipedaJice ainpU^er drcuii . 

This gain at dc is very nearly equal to one since Uie diode's 
equi%'alenl resistance is verj- liirge compared to R|. How- 
ever, as the fjequeiicy increases, the diode impedance de- 
creases because of the shmit capacitances, ^^len the diode 
impedance equais Ri. tlie volLiige gain increases at a rale of 
li dB per octave. Additig Cj in parallel with Ri reduces Zi, 
thereby reducing the voltage gain. 

A voltage amplifier with atlj us table gain follows the trans- 
Impedance aruplifier. This compensates for Lhe LED tie\1ce- 
tO"de\1ce power^ variation and the wavelength sensitivity of 
the deiecror responsi\ity. 

Bandpass Filter. Tlie bandpass filter is an active, state-variable 
type of niter (see Pig. 6). If tJie gain of the operational ampli- 
fiers at the desired frequencies is sufficient, the t^iaracteris- 
tics of the filter are oidy dependent upon the ptissivo compo- 
nents. So Ijy t hoosing proper components, the filter can be 
niH(U' ver>- stablt^ with temperature. 

Remaining Components, Tiie envelope fletector, ftamtrle-ajiil- 
hold circuit, and muUipk^xer were all leveraged from other 
111:^ instruments. However, improved dynamic: I'ange was 
ra'cded from the envelope detector, fiy oplimizing the oper- 
allng point of the envelope detector diodes and usmg a high- 
er-freiiiu^ney ojierational amplifier, the dynamic range was 
extended beyond 80 dB (see Fig. 7j. 




Bandpass 



Fig. 6. RandpiL^H flitter c ircitit. 



Signal Processing 

The top section of the IIP 8504 A sho\\Ti in Fig. 1 is the dis- 
play processor. It controls the lightwave section, digitizes 
the measurenu^nts, processes and tiisplays the data, antl pro- 
vides the tiser Lnlerfaee. t onirol of the lightwave section 
includes initialing motor control, selecting die source, set- 
ting source power, and sampUtig measured signals. 

The data processed by the display processor comes fi:oni the 
signals received by the two receiver charmels. Tiiese signals 
are multiplexed and sent to a shigle, l(i-bit anaIog-to-<iigital 
converter 111 at produces a ti umber that is proportional to tlie 
magniUide of the signal in the corresponding receiver chan- 
nel. Then a constant^ correspond it^g to the dc offset voltage 
in the parlicular receiver channel, is subtracted from each 
number. This data flow is sliown in Fig. 8. 

Next, the number of data points must be rerluced to fit on 
the CUT t)aiii is measured at)proxirTUitely every 2.5 micro 
meters (iti the l^OO-nm case) and since the envelope gener- 
ated by eacti refiet tion is ai>iiroximately 15 niicronietei's 
wide, no refiection will be missed. I lowever, in a full span of 
41)0 mm (his prudm es IfKMHM) data iirnnts. Only 400 points 
iire dist)]ayed on tlu- ( H'f, so \i\v number of [>oint.s mtist be 
reduced. This is aceomjihshed using a maximum hold func- 
tion. The number of measured points, which ranges from 
400 to 100,00(1 as a functioti of lhe span, is divided into 400 
groups. The data with the imgest magnitude is found in each 
grout! anil bet omes the nominal value for the group, t'onse- 
quently, in wide sweeps, a single response on the display 
ntay represent multiple reflect ion lesponses in the device 
under test. However, iK^rlonning tJiLs funetion guariuitees 
that eveiT OUT refieclion is represented. By reducing llu^ 
span, mtiltiple refiections can be resolved doivn to the 
25-micro meter spacing. 

Data averaging can be used to Improve the noise floon The 
averaging function m the processing sequence is an expo- 
nential average. The dai;i being avemged consists of complex 
values represeniing the orlliugojial polarization com[>onenls 
of tlie delected signals. Kach eiemtmt of lhe complex data 
pair is averageti independently for each spatial position. An 
averaging facinr, k. selected by the user, specifies liow much 
oflhecurreui iiieasuiement Is added to acomplemeniary 
portion of the previous average 1 o Innn lhe rurrenf average, 

Ecantinuetl on page 45] 
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Averaging Measurements to Improve Sensitivity 



Signifont measurement sensittvity imprDvernenl can be realized if multiple mea- 
surements in narrow sweep widths are tirrre averaged, reducing ttifi level of the 
noise floor Fig. 1 shows a reflect ion that is just above the noise fioor m a sir^gle 
sweep, but is clearly visible after averaging. Wfien using averaging to improve itie 
noise floon care must be taken to correctly interpreL the results 

The HP 8504 A measures reflections at discrete paints Spaced approximately 2,5 
micrometers apart when using a 13D0-nm source. The envelope of the response from 
each reflectfon is approximately TB micrometers wide because of the cnherence 
iengtfi of the LEO source, so each reflection is sampled at a minimum of five poinis, 

In the ma>«imum sweep width of 400 mm. 1 B0,ODO data points are obtained, but 
only about 400 points can be displayed on the Cf^T So in this case the 1 50,000 
data points are divided into 400 groups of 4D0 data pojnts each, and the largest 
value in each group ts displayed on the Cf^T 

This technique of dispiaymg the maximum value in each group of data points 
guarantees that any reflection thai exisis in the OUT wrtl show up m the final 
measurement, ensuring that no DUT reflections are miSSed^ Hov^'ever, it also 
meens that averaging the data will Improve tfre noise floor more in narrow 
sweeps than sn wide ones. 
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In ifie sdieme \m described, tJie largest signal in each of the gmups erf data 
pcwnts ts tfie one ttiat \5 displayed m the CRT and sut^seQuenily avefsged But 
nofse fs a random function, and in wjde sweeps, wtiich have a large number of 
data points in each gfGup. thefe is a high probability of having a noise peak or 
sptke show up m each gmup. It is ttiis jaeak, the maxifniim value of the data points 
in the gfOHp. that is dispfaYed on the €B1 sn6 used m the averaging afgonthrn 
This has the effect of Osastng ihedisplaved noise floor upward, because n «s the 
maiiirnym value m each group that is k^t and averaged Dei;fBasing the sweep 
Width, and hence the numtjer of data points in each gniup, decreases ttie probabil- 
ity that a nojse peak will occor in any given group of data points Thus, the dis- 
played rKJsse floor will be lower with narrower sweep widths with the optimyrri 
performance being achieve when there is r^rily one data pornt per gmyp. 

This situation can fead to some confusing results when using averaging to pull 
signals out of the naise. particularly when measuring reflections that are below 
The level of the unaveraged noise floor peaks. As the sweep width* is narrowed, 
the tevel of the reflection will appear to decrease [See Fig. 2}. This is because the 
maximum value of the reflec[ion and the noise in each group is bemg averaged In 
wide sweeps, the noise will dominate. As the sweep is narrowed, fewer noise 
peaks occur within each group and the desired reflection dominates the ma)cimum 
value of the group. 

So, for the best sensitivity and accuracy in the measurement of low level signals. 
the minimum sweep wfdth should be used. 



Sweep wtdEh is alsfl callEd measurement span 



The average for each element of the complex data is calcu- 
lated as follows: 



Average^ = f ^J x Datan 



where k is aii averaging factor. 



(k - 1) 



X Average,, _ , 



See "Averaging Measurements to Improve Sensitivity," oti 
page 44 for more afxHit measurement averaging. 

Calibration 

Calibi^ation |>rf)resses are used to remove systematic juea- 
stirenient errors and to reference measurements lo a rellec- 
tioii of l<iiuwn magnitude. The ralibration process consists 
of several stejis. First the dc offsets in the receiver ciuumels 
are measured. Next, with a low-refleclkm temnnaiion con- 
nenefl to I he lest part, flu* receiver jjohiriisai ion is Ijainm^ed 
lu divide I he reference power equally between the I wo |>o- 
larizalion divemity receiver pliotodioile deieclors. Tiie itser 
interlace provides a special tUsj>lay to indieate !he ratio of 
power in the two deteclors. The user manually arljusts a 



two-paddle polarization controller until the trace on the diS' 

play falls witiiin a marked range. The final step is performetl 
by connecting a knowTi reflection to the test port. This 
known reflection standard is measured and used to calibrate 
the magnitude of the displayed reflection formed by the sum 
of the squares of the outputs of the two receiver channels. 
In addition, for measurements made al 1550 nm. the user 
can elect to correct for the dispei^ion effects of the f!tK*r. 
The equation for calculating tlie value of a data item to take 
into accouni systematic measurement errors m: 



Daten = (ki^, xsfj + (k. x s|^) 



where ki and k2 ai'e correction coefficients combining bal- 
ance, magnitude, and dispersion fetors atui Si ;md s> are the 
data points for the two channels wirh the offsets removed* 

Magnitude data Js fonnailed either as linear data ranging 
from to 1-0 for calibrated measurement, or as logaiithmic 
data in dB. The absolute valtie of the logarithmic data is re- 
turn loss. Before the data is displayed, it is scaled and the 
reference v'alue and position are set. 

Interferometer Details 

The in terfero meter section of the HP 8504A consists of two 
m^or assemblies: the optical deck and the translation 
stage. The moflular approach of these designs allows the 
interferometer section to be serviced in the field and to be 
manufactured separately. 

Optical Deck. The optical deck houses the nttyor interferonie- 
Ic^r de\1ces (see Pig. 9). The LKI) sources, wavelength divi- 
sion multiplexer, coupler, and receiver are packaged within 
o[ie sheet-metal Iray. The fiber atul each S|>hce are routed 
through chamiels of netiprc^ie foiun to control bend ratlii 
mid fiber stability and to manage ni)er lengths, 'the front- 
panel c^onnectors are attached directly to the lray» wlijcb 
aids in assembly. 

Translation Stage. The translation stage seizes two functions 
in making the ret urti It>ss measuretnent. The first is to posi- 
tion the mt^^cisurement windtnv at I be point of interest within 
the DUT The translation stage has a maximum travel of 200 
mm. By using a retrorefiector to tloulile the optical path 
length, 400 mm of measurement range is achieved. Tfie mea- 
surement window, or sfian, can be as sttiall as 1 mm or as 
large as 400 nmi. 
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Fig. 9. < )pt k al deck in tht* 
HP 8504 A. 



The second function of die translation stage is to movt' the 
retro reflect or at a eonslant \'eloc ity. This produces a Dopplcr 
shJJ'l in liic reference ami signal of 27.7 kliz. Tlie disUuiee 
between two renecLiort^. Tneasured during the same sweej), is 
calculated from the velocity ajid ihe elapsed lime. 

The translation stage consists of a prt^loaded ball-bearini^ 
linear slide dri\'en by a leadscrew and a seno- con trolled dc 
motor (see Fig, 10). The leadscrew menes tht^ rctroreflector 
along the UntHir slitle. Light is launched lYom the nber, [jasses 
tJn'ough tlie polaii^er and the collimaling lens, and to one 
side of the ret rore fleet or apeiliin*. The ligiit is then directed 
to a stalionaiy Hat miiTor niourUed adjacent To the fit>er 
launch wlicie it reflects back onto itself retracing the for- 
\\ard padu and is recoupled into the fiber. By mo\ing the 
position of the retrorefleetor, the open beam length is m- 
creased liy twice t!ie slide tmveL 



To mirrimize Ihe lime lu market for the HP8504A, standard 
components were used in the design wherever possible. The 
dc motor was leveraged Irom eomporients usetl in other HP 
produets. and the linear slide is a eomniercially available 
product. Most of the other oiJiical components were also 
readily av^ailable, thai is, ihey tlld rtoi liave to be speciiiily 
designed. 

The translation stage's most (*ntical petfonnance raiutre- 
nient is velocity rontroL Measurement repeat aliility, reflec- 
tion position, and amplitude accuracy aie all directly af- 
fected by the retroreflector's velocity. In addition, veiy 
low-amplilude vibrations can modulate the nhnoror the 
ret rore Hector Tliis velocity "noisi*'* appciirs as frequency 
modulation on the Uoppler-shifted signal. 
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Fig. 10. (\)tuponenis in the 
Iraiisktion stage. 
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Fig- 11. I'fjlarizatEnn rec€iv(:*r 
Ijidarice display. 



Two separate approaches were used to minimize the system 
vibrjition. First, the loop was optimized for low-ampiitiuJe 
velocity noise at the expense of miiximum system respon- 
siveiTess. Second, I lie open-loop structural vibralions were 
suppressed by clan^ping and using complianl coupling in the 
leadscrew design. 

()[itiniizing translation stage perfomiance required an un- 
usual %^elocity measuremenl technique. The unwanted vibra- 
tions and vclocily fluctuations of the optical surfaces on the 
stage needed to be measured precisely without intluencitig 
lite dynamics of the system. Traditional ajiproaches such as 
the use of a taclu>jneter or accelerometer proved inatlequate 
in this application. The solution was to use an external laser 
as the source for the interferomeler and then monitor the 
period of the resulling fringes. 



device under test* The user can easily position a trace 
marker on one of the peaks to determine rejection position 
and amplitude. 

A second feature tliat aids usability is tlie polarixation bal- 
ance display (see Fig. 11). The aser is provided with a grai^l il- 
eal representation of polarization. Tlie display gives realtime 
feedback as I be user atliusts the polarization stale. The dis 
play iuelutles a shaded target area to indicate tlie acceptable 
range for pt>larization baianee. 

The UP 8504A includes a feature trailed guided setups which 
is also found in otlier \\V lightwave component analyzers. 
This feature greatly simplilles tlie use of the HI* S504A fjrecj- 
sion reflect ometer. Graphics and text help tlie user thniugh 
the important step of selecting and connecting the reference 



User Interface 

Development of the MP 85()4A user interface was facililated 
liy the reuse and leverage t>f firmware from the HP 87())3A 
lightwave com |>on en t analyzer Both of these instruments, 
as well as the tlP 8702 lightwave component analyzer, are 
used to (characterize lightwave ('components. A conuTum ori- 
gin for the finnware helped maintain a consistent user inter- 
face for lightwave component metisurements. In addition^ 
development time w£is shortened by reusing II rm ware. 

Most of the user interface and data display manipulation 
features of the HP 8504A are a subset of those found in IiP*s 
lightwave component analyzers. However, other features 
were added to meet the specihc needs of the rellectometer 
n\vci of the added fi'aiun^s eonlribtn.e sig!uficautly to the 
nsability uf Iht^ \W 8504 A. The first of these is tlie peak 
search fiinctjons. The interpretation of measurements made 
with the IIP 8504A involves locating the ptjsilion and ampli- 
tude of im [mist" peaks corresponding tu reflet lions in the 



Select cables for Pigiafled Device 

t|CarefuHy measure length, t2, of device pigtaii 

2) From accessory kit select two cables of equal lengtli, tl, 
such thst t1 is less than t2 and difference in length is less 
than 2411 mm. (U - : M and t2 - LI < ?4D mm\ 

3} Press CONNECT CABLES/ 
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exttnision cable (see Fig, 12), The user b also guided 
through receiver balance and rnagnitude calibration. 

In aridition to front-panel operation ^ the HP 8504 A can he 
remotely conl rolled using a standard I IP-IB interfate. Hani 
copy oi'the data fan be produced using plotters -.md printers 
connected \ia the HPdB, Dataajid instrument states can be 
stored to disk xia the HP-IB and retrieved for later use. 

Ac kii o w 1 edgme n ts 

The successful development of the [IP S5t)4A jjrecisior; re- 
flect omcter w^is the resuh of contributions from inaiiy indi- 
viduals throuj^houl the organization, including R&D^ markeP 
mg, product support, and manufacturing. We would like to 



give special recognition to Waguih Ishak, Steve Newton, and 
Wayne Sorin at IIP Laboratories for the original work in 
white-light interfcronietry which fed to the IIP B504A. In 
addition, we would lik(^ to ttiatik Boh Bray, Susan Skmn, 
Patricia Beck, Davici Braun, and the Microwave Techtiology 
Di\4sion tc^am for the development of several critical compo- 
nents and processes. Finally, to Hu^o Vifian mid Roger Wong 
go spc^cial thanks for their consistent support and gukiance 
during t he course of the product development. 
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Fabrication of Diffused Diodes for HP 
Liglitwave Applications 

Ttie simple but robust p-i-n dual detector used m the receiver of the HP 
8504A precision reflectometer has -17 dB return toss (2% reflection} 
operating at both 1300 nm and 1550 nm. 

by Patricia A. Beck 



The HP S504A jirec ision lightwave reflectometer uses a pair 
of cofabiicated planar pholodiodes as its rerei%'er element 
(see aitirle on page S9). One path of the split polarization 
boain strikes eaeli tliode and the resulting phot ocurrents are 
added vertoriiiily, Althrjugh the InP/lnGaAs detectors have 
been optimized for wavelengths from 1300 nni to 1550 nm. 
other operational configurations are possible. 

P-]-n photodeteetors convert optical inputs to electrical sig- 
nals. A photon enters ihroiigh the p-doped region, which is 
chosen to be transparerU to the radiation, and is al)sorl>ed in 
the intrinsic (i) region. An electron-hole paii' is formed. Car- 
riers are moved from the intrinsic re^on to the p and n re- 
gions by the electric field induced by the appliett voltage 
bias. The movement of charge is die del ei ted photocurrent. 
This photodelecfeor operation is shown in Fig. I . 

Tliis article describes the design imd process used to develop 
the diffused photo diodes used in the HP 8504A. 




lypes of Phot odi odes 

Tv\'o types of semiconductor p hot odi odes are used in HP 
ligiUwave products: mesa and diffused planar While their 
opi?ration is sintilar, their structures are different 

Mesa p-i-n diodes have their layers grown epilaxially with 
the dopaiUs already in place. Extraneous material is then 
etched away to form the devices and provide isolation and 
separation from neighboring devices as shown in Pig, 2 The 
layers for the devices m question are: Zn-doped InP for the p 
region, sulphur-doped InP ftJi the n region, and undoped 
(intrinsic) InGaAs for the i regioji. 




iai 




FijJ. 1. Phrir.riilHrrtfir Dpernlimi. 



m 

[Til Absorbing Uyer [jjj| Aniirafi^ciive Coating 
I Ohmlc IVIelsl ^ Diffusion Barrier 

Fig. 2, P-i-ii si rurl tires, (ri) Me-^sh devii:-*^ (li) Plaaar device. 
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Fig, 3, t^liiseri anipoule diJTasimL 

Planar pin <iiodcs also have their layors grown epilaxially, 
but thc^ layers above the n-t>pe substrate are undoped. The p 
region is fomied later by diffusing dopants into the surface- 
After the epitaxial layers are grown, a diffusion l)tuTier (in 
Itiis ease silicon nitride) is depositetl and pattemiHi. The 
openings in the diffusion biurier expose the InP Hurfact^ to 
define and separaie devices. Tiie patterned wafer is sealed 
in a closed vessel with the solid dopants or placed in an 
OMVI^E f organ on let allic vapor phiise cpitiixy ) reactor with 
dofiaiU giises flowing over its siuface. This may be the same 
ty[>e ol' reactor used to grow the original epitaxial structure. 
Fig. 3 depicts a wafer resting in a quartz ampoule with ele- 
mental zmc [the p dopant), arsenic (to slt^w arid control the 
zinc diffusion), and phospiiorous (to provide an overpres- 
sure t o keep Iht* phosphorous in the hiP from diffusing out 
at higii temperatures). Out -diffusion causes severe surfac^e 
pittuig. The slitling bar in P^g. 3 illustrates the balance of Zn, 
As, and P in the ampoule. Holding the As concentrate con- 
stanl while increasing the amoimt of Zn tends lo cause a 
ptjoi; pitted surface ( I0()^) Zn with OK. P is the exirenie). At 
the other end of the scale, !()()% P and iM Zn will rt^suli in a 
smooth surface hut no diffusion. The exact balance of ele- 
merus depends on the proc*ess paraineters for a specific 
device. The wafer is held a! high temperature long enough 
for the solid sources to fonn a gas and cMve the fiopants to 
the InP/InGaAs jimction. Although the time is more predict- 
able in gas source diffusion becatise theii' is nu siHifl ptuise 
with which to contend, closed ampoule chniisloM is ail equate 
for small production runs and is use(i in this process. 

Diffused photodiodes can easily be sized from micrometers 
to rnUlimeters, and can be closely spaced. The planar design 
offers easier fabrication and passivation with improved leak- 
age characteristics and an abnipt ttim-on. The particular 
birefringeni ciystal chosen for use in the HP 85(}4A splits tiie 
incident radiation into two beams whose polarizations are 
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Fig, 4. Dual difhised detector 



-1 1 

Fig. 5. 1-V curv'f" of a 32t)-[iFi dlamt ut liiitiised phot(xl!odt?. 

orthogotial. TV^o phiriar detectors fahricatetl on the same 
microchip offer advantages of matched sjjac ing (to the 
beams) and n;atclied responsivity (to each other). Fig. 4 
shows the dual delector used in the tlP 8504A. Bond pads lie 
off (he aclive area al>ove the diffusion l>arrier. 

Processing and Development 

To spetxl processing (both layout and alignnienl) and lo in- 
crease yield, a simple tab contatl to one side of the active 
region is used ratJier than an encircling ring of metah If the 
diode Is probed with a small light beam, response decreases 
slightly with distance from ilie coiilatl. In the Hf^ 8504 A, the 
l>eajn striking the surface is large compai'ed to the diode, 
therefore, the fab design is adequate. Although i1 htLs higher 
capacitance and therefore lower frequency response than a 
mesa de\ice with a surdl^u' intrinsic layer thickness, the dif- 
fused device is ideal for tliis broad-mea afjplication. llrtder 
reverst!' bias coiKlitions the intrinsic layer of the diode is 
depleted of cliai'ge. In the absence of hght only a small re- 
verse leakage or dark cunent (Tfj) flows, I^i is considered a 
measure of the noise floor of the receiver. Plana! devices 
have lower dark cuiTents than mesa devices. A t^i^ical 
80-(.uii-diametcr mesa device from this laboralor>^ exhibits l^i 
less than 30 nA at -5V^ while a similarly sized planar device 
would have an Ijj of less than 1 nA. Dynamic resistance (ex- 
trapolated resistance tlirough OV) is greater than M) .\m 
Resf>onsiv1ty is on i he order o( (19 It) 1 . 1 A/W' over tiie wave- 
lengths of interest between OV at\d -5V bias. Pig. 5 graphs 
tyiDical cmTent-versus-voltage characteristics. 

Optical reflections prove important in component and .sys- 
tem mamifacturing. Therefore, antirefleclion coatmgs are 
applied tcj decrease ihes^' reflect itins, Otie ctjating is placed 
directly on the chip ;md anot her is placed on the window or 
lens of tlip package containing the piiotodiode. The coatings 
decrease the feedback to the laser source and Increase the 
amount of light absorbed rather than reflected from the 
surface of the device. 

Fig. 6 is a plot of the power reHected as a fimciion of wave- 
length for a standard one- layer an tire fleet ion coatmg dep>os- 
ited on the chip. It is possible to obtain -17dB (2%) reflec- 
tion at both 13(^0 nm and 1550 nm. Fig. 7 is a photo of the 
packaged receiver. The top of the 103\:\ can is windowed lo 
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Fig. 6. Efriciency ciir\^e for diodtj ariurenection coating. 

jillow light ttJ [jLisy ihrougfi to the diode. The antireflectioii 
coating is applied to both sides of Uie window. 

The diodes have been stressed al elevated temperature and 
bias, predicting a lifetime of 1 x 10*^ hours at 55^C instni- 
ment operation. Samples have aJso been sobjerted to a vari- 
ety t:>r en vironiTieii I id tests. Tliey have been put through ran- 
dom vibrati{>n, shock tested to lOOOg, subjected while mider 
bias in their hemietie packages to 90^ humidity' for greater 
than one week while cycling teniperaturt% and investigated 
at OT for variation in electrical characteristics and c on- 
densation. No significajit changes in diode characteristics 
were produced. It was found tliat these devices are static- 
sensitive and can be shotted with Die application of 200V 
reverse bias. 

Conclusian 

The large-foniiat p-i-n dual detector used in the MP 8504 A is 
simple but robust and with minimum care it will function 




Fig. 7, Dual detector package. Diode and bonding posts arc visibie 

beneath the windowed lirf 

well over the tnstnmient s life. Tlie use of highly leveraged 
design and processing has resulted m a very short, time from 
concept ( hrough production to insinmient release, 

Ackno wl edg rnents 

Production of a marketplace device has been a cross- 
divisional effort invoKdng contributions from HP's Micro- 
wave TeclinoUigy Division, Opfical Comniunicalioit Division, 
Optoelectronics Division, Ne(work Mejusurement Division, 
Signal Analysis Division, and HIVLaboratones. 
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High-Resolution and High- Sensitivity 
Optical Reflection Measurements 
Using White-Light Interferometry 

In the HP 8504A precision reflDCtometer white-light interferometry is used 
as a nondestructive measurement technique for probing closely spaced 

reflections in optical devices, 

by Harry Chou and Wayiie V. Sorm 



[^efle^cLions in optical CTjiiipononts and systems ofltm pose 
IJioblcnis to the designer. For oxanipio, many laser sources 
tu^comc unstable when laser light is reflected back into the 
laser cavity. These reflet t ions can <::aijse abiupl I'requency 
changes or increased intensity noise, even for reflectivities 
jLs low as 10"^ (-80 dB). Therefore, it is necessary for laser 
iniiruil'afliirers to avoid any excess reflections within their 
laser packages. Reflecting surfaces c;in also set up optk-al 
resonances known as the Fabr>'-l*erol effect, which converts 
the phase noise of the source (or length variation between 
the re Heeling surfaces) into iutensily noise. In analog coni- 
niunication links, reflections iLs small as 0.1% (-^JO dB return 
loss) can significantly degrade system performance. The 
F'abrj^-Perot effect is a tiartit ulaiiy acute problem for opt ical 
aiuplillers thai, w^ill be used in tlie next generation of optical 
fiber communication systems. In t hese amplifit^rs, a double 
reflection with an effective reOectivity (i.e., the product of 
their renectjviiies) of 0.0001% (-60 dB) can degrade perfor- 
mance. Optical isolatot^ can be used tu circunivent tins 
problem provided the isolaton; theniselves have kiw reflecti- 
vities. These examples sliow (he importance of locating and 
itK^asuring reflections in optical devit es. 

A numt>er of techniques exist for measuring ojitical reflec- 
tions. Optical time-domain reflectometiy (OTDR)^ is conv 
inercially the most successful, iuul is suitable for flndir\g 
faults in long lengths fmeteni to kilometers) of fibers. Tlie 
techniqtie consists of transmitting a pulse of hght through 
the flber luider test and extm lining the tinie-dc^pendent re- 
sponse of the resulting backs cat tered signal. The basic setup 
for iin OTDR measurement is illustrated in Fig. 1. Tlie output 
of a pulsed laser source is iaiinctied into iJie fiber under test 
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by a fused fiber-optic directional coupler, and tlie backscat- 
tered power is detected by a high-speed photodetecton The 
spatial resolution of an OTDR is Umited by the witllh of the 
optical pulse. TVpical resolutions of commercially available 
QTDRs var>' from a few centimeters to hundreds of meters. 
For spatial restitutions below^ one metcT, the usefukiess ol' 
these t onventional pulsed nvefliods becumes limited be- 
cause of I he additional receiver noise requlreci to tietect the 
shorter optical pulses. The optical dynajnic range of an 
OTDR is tyi>ically limited to about 60 dB to 70 dB, and is 
usually set by the dynamic range of the receiver circuitry. 

A -second reflect ome try' technique is optical frtxiuency- 
domain reflectometr>' tOFDR),- With UFDR an intensity- 
modulated <3t.>tical signal is applied t<:) the device iinder test 
cind the reflected signal is measured as a function of the 
modtdatlon frequency. An inverse Fourier transformation is 
the!i aiiplieti to calculate the tin\e-domain impulse resj)onse. 
Tlie spatial resolution achievable with this method depends 
on the modulation birind width of the source. A two-point 
resolution of about 5 nun is possible with a 20-Gnz modula- 
tiO[i bmidwidth. Tlie dynamic range dej^encb on soiu^ce power 
*md receiver noise. Typical dyiiamic range is 40 dB to 50 dB. 

Another techni(|ue, based on using a i>ower meter, is to 
measiue (lie continuoLis-%¥ave {V\\ } reflected light from the 
fiber uruier tesl. While .strictly not a reOectometiy^ technique 
because it c!oes not spatially resolve the reflections, it has 
been widely used to rtu^asure the ratio of total reflected 
power to total incideni power. The setui> is similar to that 
shown in Fig. f except that the pulsed source is replaced by 
a CW source and the detector by a dv powei' meter Bj' mea- 
suring the CW reflected powx'r, the total integrated return 
loss from the test device can be detemiinecL The advantage 
of this method is its simplicity and accuracy, but since the 
reflect iotis are not spatially resolved, it does not i)io\ide 
infoniiation about the source of the reflections. 

The technique of wdiite-light interferometry descnbed in this 
paper is fundamentally different from the above techniques 
and offers greatly improved performance for high-resolution 
optical reflect omctry; Compared to existing ctmmiercial 
technkjues, several orders of magnitude of improvement in 
botli spatial resolution and reflection sensitivity is achieved. 



Fig. 1. The liasic components used in optk^al time -domain 
reflrctometry (QTDR)- 
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Fig, 2. The eomponents of an open-lieani ^Echeist>n interfrrameier. 
In tiuij setup a hc^am of light from tlie f jptical source falls on the 
beam sf>lilter The reflerted beam frt^^m the spliUer passes lo ihe 

fixeii niirror where it is reftefie<i hac'k ihrough the splitter t.o the 
delector. The other be^ni (Lrai^mitted tjeamj from the splitter goes 
to Ltie mox^hle mirror where it is also reflected baclt through the 
spliUer lo the detet!lor. 

The rest of this paper discusses the piirtrlples and practiraJ 
considerations associated with white-Ught reflect onietr>; 
particularly as they relate to the HP 8504 A precision reflec- 
torueten The article on page 39 describes tJie design of the 
HP 8504A. 

Fiuidajiietital Priitciples 

Tlte white-lighl rueastrrement techniqtie uses optica] interfer- 
ence and is basetl oji l he use of a Michelsoii interferometer, 
which has been in existence for o%er 100 years. An open- 
beam version of a Michelson interferometer is shown in 
Fig. 2. Historically, this ty^pe of interferometer was used to try 
to delect Ihe presence of an tether which was thought to be 
needled for light wavt\s to propagate througlL It was also used 
to tiefine the lenglh of a meter accurately wiLii respect to 
various optical wavelengths. One of the uses of the Miclielson 
Lnlerferomcter is Ihe meastiremcnt of the coltercnce length 
(Of coherence function) of various optical soiuf cs. The IIP 
8504A p reels ion re fl e c Ion let e r ust^ s 1 1 1 i s < ■ ci n c ci) I o f r t i easu r- 
ing coherence lenj^lh to achieve high -performance optical 
rcOect oiuel 11^ nieasureuK^nts, 

The coherence lenglh of an optical signal is the distance 
over whif h a coiTclation exists within the pltiise of the opti- 
cal carrier This correlation distance can be measured by 
itionitoring the optical inlerfercnce iis the path lenglh differ- 
ence is scanned by the mcjvable rrurror in F'ig. 2. For a long- 
cohert^nce- length source, such as a hehutu-neon laser, tltis 
distance t^an he many kilonveters, while for u tiroadhand 
whilc-Iighl sottrcc such as sunhghl lliis distam e is only a 
few nUcrometers. Fortliese shori-coherc^ncedcnglh sources, 
optical interference only occurs when tlie distatice between 
ihe beam splitter and each of the two mirrors is malched to 
within a few opti<'al wavelengths. The operattnn of tlie liP 
8504 A can be tmderslood by replac ing the fixed tnirror in 
Fig. 2 with an optical component having multiple refleetlons 
and detecting the optical interference that occurs whenever 
the lime d(4ay to (he UKning rturror ruau lies the delay to 
aity of the component nvtlections. Although this scHMtis rea- 
sonai>lystraigltt forward, it was not itntil about UM7 tltat 
these ideas were first applied to the problem of optical 
n41e<i t unci ry tneastirenients;^ *''^ 



One way to understand the operation of the reflectoraeter is 
to think of the CW short-coherence-length source as contin- 
uously emirting ""coherence wave packets^ that propagate 
through the optical system in a manner identical to that of 
an optical pidse. The length of each of these wave packets is 
equal to the coherence lenglh of the source- For the lighr- 
enulLing diode (LEO) sources used inside the HP S504A pre- 
cision reflectonieret these wa%'e packets are on the order of 
a few tens of micrometers long. 

A simplified fiber-optic version of a Mjch#iaii#terferometer 
Is shown in Fig. 3. The use of fiber opt ics olf€*rs advantages 
m ttie nianufacturing of the product and is compatible wltli 
the fiber-op! ie pigtailed devices it is desigrted to measm-e. 
The low-eoherence sotirce is coupied into the input of the 
fiber-optic interferometer and is divided equally between the 
twTj arms of the interferometer by a fused 3-d B directional 
coupler To simplify tJie description we will assume that the 
device under test f DIT) in the upper lesl ann consists of a 
single reflection \\ith reflectivity R that reflects an optical 
powder Pfiut back towards the directional coupler The lower 
arm pro\ides. \ia a mirror that moves at a constant velocity' 
( V}, a reflected reference power (Prt'f) ^'i'h a vaiiable time 
delay. Tlie reflected powers from each arm are then added 
together using the 3-d B coupler and sent to a detector which 
generates a photocun^enl (lo) that is proportiona] to the 
square of the incident optical field. 

For the case of a single reflection, the photocurrent cati be 
wiitten as: 



If 



Kd(Pr.f 



+ P, 



titT 



^^v'Pn^f^dutCOS 



where A(p is euual to the optical phase difference between 
the reflected signals from the two arms, and R^, which has 
the tinits AW, is the responsivity of the detector Tlie term 
A(J3 is irnportartt irUhe oi)eration of the reOectonveter since it 
describes all Ihe interference effects uscil in the nieasuie- 
inenL When the path4englh difference between the moving 
mirror and the DUT n^flecticjn is longer than Lhe coherence 
length r»f the source, th e returni ng optical phases are uneor- 
related and the tenn 2^ P[|.fP,jm cos A^p averages to zero. For 
path -length differences within the coherence lenglh of the 
source, this term produces a heat, frequency equal ttJ thi^ 
Doppler frequent y shift of the tuoving juirror. Detection of 
rhis Doppler frequency signal alhjws the determination of 
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IxjUi Iht' niagiiitiKie and the iocation (with respect to the 
movable JuLrror) of atiy rellection sites al*Hig tJie test ami. 

The pJiotocurrent response as the moving mirror passes 
through a reflection is illustrated in Fig. 4. The period tjf the 
siinisoKlal current variations is equ^d to one-half I he optical 
wavelength. The peak of tlie beat signal iy proportional to 
the s^iuare rot>i of the optical reflectivity. The width of the 
1 espouse delennines the spatial resolution, and is n?lated to 
the coherenee length of the sourc€\ If we ^issunie itlcal con- 
ditions, that is, no wavelength dependent ab.son>tioii or dif- 
ferentia] dispei-sion in the anus of the interferontelen then 
the jjhotocurrent response Is equal to the coherence functi(jn 
(auloconelation of the optical electric field) of the source. 
This case gives tiie niininiuni spatial resolution for the mea- 
surement. By calculatuig the full width at half maximum 
(KWlllVlj of the coherence function squaiTcl we can relate 
the minintimi spatial resolution to the spectral width of the 
source. For tlic rM.se of a Gaussian spectrum the mininnim 
spatial resolution is ^iven by: 



Ax 



v21n2 v. 



Av 



w^here Av is the FUTrlM of the source ^ectFiim, Vg is the 
group \elocity of the light, and Ax is the FIM^M of the dis- 
played rt^flection response. For a t^^iical LED with a 60-nm 
speetml widtli opt^rating at 1300 nm the minimum spatial 
resolution is aljout nine micrometers. 

In tlie description above we have assumed that the returning 
polariiiation states from the two anns are matched so that 
full optical interference can take place. In practice^ this as- 
sumption is usually not true because of the residual hin^frin- 
gence in 0]>ticiil fibers. To solve this problem, the HP S504A 
precision reflect on icter uses a polarization rhversity receiver 
that allow^s accurate nieiisiuenicnts to be performed regard- 
less of the returning polarization stale from the test arm. 
A more detailed descriiition of the polarization diversity 
receiver w^ill be given later in this paper- 

The use of this optical ifUerference method for measuring 
reflectivity has two ni^(.ir inherent advantages c^ompared to 
the more popular pulsed (!)TDf? techniques. The fii^l ad\ an- 
tage is greatly increased d^tiamic range imd the second is 
much fmer spatial resolut ion. The inlierent improvement in 
dynmnic range occurs because the photoeurrenl l)ea! signal 
is proportional to the square root of the optical reflectivity 
and not jiist linearly related as in conventional pulsed 



teclmiques. This tnci^is that ilie d>T\;amic range lor relief ii\1ty 
nieasuremeiUs can be improved from about 00 dB to values 
on the order of 120 dB or more. 

The improvement in spatial resolution is also an inherent 
differen<'e because of tlie facM that the fiber dispei^ion can 
be canceled using thi* int (Afferent e technique, but not willi 
the pulsed l(*chniqu(\ This caii<"ellatioit occurs because the 
testaiid reference^ signals travel through the same medium 
(le., standard singk>-niode fiber) and therefore experience 
the same dispersion. Since the inleriero metric detection 
process compares time delays l>et ween the test iu\d reference 
signals, any common delays because of dispersiott are can- 
celed out. For c^ontpaiison, using standard singk^-tuode fiber 
at a wavelength of 1,55 micrutnelers. an optical pulse needed 
to achieve a sijatlal rc^solution 0120 niicixuueters can only 
probe a liber length of 7 cm before liispersion degrades its 
resolution to 40 micrometers. A diseussion on the eflecls of 
dispersion differences in the two anus of the interferometer 
will be given later in litis [)atJei\ 

Practical Considerations 

In implementing a white-hght reflectometer, a number of 
physical phenomena must he considered. These consider- 
ations had an imtxjrtant imi^act on the design of the Ifl' 
B50*tA precision reflectometer, 

Signal-to-Noise Ratio 

Reflection sensitivity is determined by the amount of noise 
that passes tlirough thc^ bmtdpass filter centered at the photo- 
current heal frequency, Tiiis noise comes from Oiree miyor 
sources: thermal receiver noisi\ optical shot noise, and opti- 
cid intensity noise. Both the shot noise and the intensity 
noise result fr'^jtit I he large dc cornpf>neni of optical i>ower 
(usually the reference power) incident on the receiver. 

For a single reflection the signal-to-noise ratio (SNRJ is: 

2RdPr.^tPriu. 

[4kT/Re + 2qRdP, -h RINRi^|Pt]Af 

w^here the numerator contains the signid power, wiiich is 
proportional to the square of the photocurrent, and the de- 
nouttnator contains the three nu^or noise sources. The first 
term in the denotninat.or accounts for the thentud noise 
where k is Boltxmant>'s eotislcint, T is the teinpetattirc, and 
R^ is tiie effective receiver noise resistance, 'f he second 
term is the shot noise, where q is the charge of an electron, 
R(\ is the resjjonsivity of the photodetector, and P| = Fn,^ + 
Fdm is the total reflected power from the reference and DIVT 
anus. The lasl temi accounts for the intensity noise, where 
RIN (relative intensity noise) is a measure of the fractional 
intensity noise within a one-heitii electrieaJ bandwidth. The 
lenn Af is the detection bandwidt h. 

In most cases in which a reasonable source power can be 
obtaineti, the shot tioise or intensity noise will tlominate the 
receiver noise. For (^xample. if a l-MQ transitupedance re- 
ceiver is used, a reflected referettce power (Pivf) of only 
about 100 nW is required for the shot noise to start dominate 
ing the receiver noise. As the source power is increased, the 
shot noise will eventually be dominated by tlie intensity 
noise. This occurs because the intensity noise increases as 
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the square of the optical power wliile ihe shot noise grows 

only Unearly. For l>i3ical LED sources, intensity noise starts 
to dominate Tor receiver powers on the order of a few niit^-ro- 
watts. ^Tien inienslly noise becomes dominant, reflection 
sensitivity m not improved as the source power is increased. 
This is because t>oth the numerator and the denominator in 
the SNR are pr^jportlonal to the sourc** power squared. By 
making modifications to ihe basic Michelsoii interferonieier' 
configuration, schemes have been demonst rated that re- 
move the effects of intensity noise. '^-^ The use of titese 
schemes can become practical when source powers get sig- 
nificantly larger than a few tens of microwatts. Regardless 
(jf wfiich noise source is dominant the reOection scnsiti\4ty 
can al\Miys he improved by simply narrowing the bandpass 
niter of the receiver. However, this solution can lead to verj' 
lotig nie^isurenicnt times. 

With optimum design, white-light reflectometry can have 
extremely good reflection sensitivity. For example, by com- 
bining a narrow receiver bandwidth (3 Hz) with a lugh-power 
source (10 mW) and intensity noise removal^ reflection 
sensiti\ities as low iis -148 dB have been experimentally 
ciernonslrated.'^ 

Polarization Dependence 

The magnitude of the opticaj reflectivity is obtained from 
the strength of the Lnteiferometric beat signal. This signal 
can be ex^^ressed as a dot protiuct between the optic^al fields 
returning from the reference and test arms, taking into ac- 
count their relative poUuimtion stales. If these two fields 
aj*e in the same polarisation stale, tfieti the interference pro- 
dnces a strong signal (.)n the other hand, ifttiey are orthogo- 
nally polarized t the signal liecomes zero. This illustrates that 
in determining optical reflectivity, the effects of polarization 
must lie considered. 



Although the precision reflectometer sends an unpolarized 
signal into the de\ice under test, these polarization effects 
still occur. This can be tmderslood by realizing that an unpo- 
larized field is the linear superposition of t\%o polarized fields, 
each of which can produce independent interferometric sig- 
nals. Thus in an interferometric nieasurement, unpolarized 
light mus! be treated as tttough it were polarized 

Polarizadon dependence can present a serious problem when 
using conventional single-mode fiber because the polari^ta- 
tion transfonnation properties of the Hbers are tmsiab!e 
over lime and under different environmental conditions. To 
remove the dependence of the detected signal on the polar- 
ization state of the lest arm reflection, a special t\T7e of re- 
ceiver called a polarization diversity receiver can be used. 
A^ shown in V\g. 5, the polarization diversity receiver con- 
tauis a polarizing beam sphtter that di\1des the incoming light 
into two orthogonal polarizalion components and directs 
these to tlie two photodiode detectors. The polarization split 
is set up such that the power reflected from the reference 
arm is equafly divided between the detectors. This condition 
requires that the refereiK e power be polarized, which can 
be accomplished by using a polarii^ed source, or if the source 
is impolarizedi by piacing a polarizer in the reference path. 

Equal division of the reference power ensures that an inter- 
ference signal will occur regardless of the polarization state 
from the test arm. For example, if the returning reference 
and test signals are orthogonal (the case of no interference 
when using a single detector J. the |>olarizing l)eam splitter 
projects a t>onion of each signal onto each detector result- 
ing in two separate interference signals. These two inteifer- 
ertce signals are 180 degrees out of phase and if they are sim- 
ply sunnned would produce no signal. If instead we measure 
the amplitude of the beat signal envelope from each detector 
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aiul iiM liie .squarey of tfuy ciuiyility. aii inierfcrence signal is 
obtaintn] ihat is iniiependeiil of 1 lie poiamation state return- 
ing from \he lest anil of f lie interi'enniiet.er. 

To calibrate the polarization diversity receiver, it is neees- 
saiy to know how I he optical field fiom the reference ami is 
split between the two detectors. Ka<h (ieli^clor, howevert 
produces a |)hcjtorun'ent proportional to the optical power 
and not the Held incifleni on it. Even though h is possible to 
deduce the s[)lit of the fitdds from the sjilit of the powers, 
such deduction requires detmled knowledge of all of the 
proportionalily constaiits. A further comiilication is that 
tjpieally the photo current is not directly measured but am- 
plified into a voltage by a transimpe dance amplifier, w^hich 
may be followed by other signal processing electronics. Tlie 
gain of each cjf these electronic- stages becomes aiiothei' 
proportionalily t onstant to be ehaiacterizc^d to convert 
power into optical field. Thus^ it Ls highly desirable to have a 
simple and elTeclive calibration procedure thai removes the 
uncertainties in the combined propoitifjnality constants. 
This can be accomplished by introducing a modulation on 
the source intensity at the Doppler frcKjuency of the interfer- 
ence signal By directing aJl the power returned from tlie 
reference anu into one or the other of the detectors using 
niimual pcxIarizaUon controllers, tlie ratio of the effective 
electronic:' gains of the tw^o polarization channels cau be 
ohtaitied, Thiis ratio is a hardw^ are-specific coiTcction con- 
stant that can later be used to nonnalize the gaui difference 
between the two polarization channels of the receiver The 
same scheme can be u^^ed to measure the power split ratio 
in the two polarization cliannels. With both the gain ratio 
and the power spht ratio, the split ratio tjf the optical fields 
can be calculated. 

More details about the polarization diversity receiver' used 
in the HP 8504A can be found on page 42. 

Dispersion Effects 

Dispersion refers to the vtiriaticm in the propagation speed 
of a signal as a 1 unction of a quantity such as wavelength 
or pt^larization state. For the HP 8504 A we were coneenied 
with the impact of chromatic dispersion and polarization 
dispersion on measurement accuracy. 

Since the velocity at which an optical pulse travels along a 
fiber depends on its wavelength, different colors contained 
in a light pulse propagate at dilTerent speeds. This effect is 
referred to as ciiromatic dispersion and results in broadenhig 
of the optical pulse. 

Chromatic dispersion can play an impoitimt role in w^Mte- 
light reflect ometers because of the broadband source spec- 
tnun needed to achieve high resolutioiK A mismatch between 
the chromatic drspersion properties of the two arms of die 
interferometer will result in the broadening of the beat sig- 
nal imd a reduction in its peak magnitude. This can lead to 
inaccuracies il' the reflectivity is detenuined solely from the 
peak magnitude of the interference signal A number of re- 
searcliers have examuied the effects of chromatic disper- 
sion on w hite-light interferometers.-'"^ ^ The general problem 
of recovering liie tnie signal from the dispersion-broadened 
signal is described in reference 9. 



A possible dispersion mismatch exists in the HP 8504A pre- 
cision refiectonief er because the reference arm haK an air- 
filled soclion for the reference anTi mirror to move through. 
The conc\sponding section in the test arm iisuaMy crjusLsls 
of the fibcT pigtail connected to the device u[i<ler test. At 
wavelengths centered around 1300 nm, where die chromatic 
dispersion in silica fiber is a minimum, the dispersion differ- 
enee between the tw-o inlerfeionieter anus is usually not 
significant. However, at \\'avetenglhs centered around 1550 
rmi, standajcl fiber has a dist)ersion of about 1 7 p.s/(mn km)t 
which is significmitly tiifferenl from that of air. This disper- 
sion mismatch cmi cause the measured peak reflect ivity to 
become a function of the mirror tjosition as the air- path 
til rough the reference arm c^lianges. Fig. 6 shows how this 
dispersion mismatch can affect die apparent reflectivity for 
a reflector located at different i>ositions aioiig the 400-n^m 
scan ratige of tlie reference arm mirror. The source for the 
restdts in Pig. (> was an LED that had a spectral width of 
60 nni centered at about 1550 nm. To correct tor this appar- 
ent drop in reflectivity, a model was developed to predict the 
signal drop as a functioii of mirror posit ion J ^ This model Is 
used in the IIP Hr>04A precision reflectometer to alter the 
displayed data so thai accurate reflectivity measurements 
can be made witli its internal 1550-nm source. 

The dispersion mismatch also increases the width of each 
reflection pc^ak and therefore affects t he spatial resolution. 
Fig. 7 sliows how tlie spatial resolution in the HI' 85()4A de- 
grades for measureuKmis made with an LED operating at 
1550 nnr Note, however, that ihe iumnmt of broadenmg de- 
pends on the length of the mismatched portion of the re- 
flec'toniet en not on tJie totaJ lengtJi of thc^ fiber ui the system. 
11us is ditferent from optical time-domain reflect ometr>' in 
which Ihe pulse broadening is proportional to the total 
length of the tlber. The necessity for dispersion cancellation 
is an important requirement in high-resolution re fleet oinelry. 
For this reason, white-light reneclonietr>^ offers a m^or 
adv;uilage ovct high-resolution OTDR techniriues. 

VVhite-light reflectometry can also be usee! to measure the 
amomit of polarization dispersion in a component ot^ length 
of fiber. Polarization dispersion is die diflereniiai time delay 
resulting from birefringence. Fig. 8 shows an example of 




Mrrror Di^spFacemi&nt 4min|i 

Fig. 6, Tlie effect of dis|H rsmii fTiisiriHTt li on the peak intcirference 
sigtia] from similar refleclor.s [ocatod at different locaiions w^ith 
respect to the scan path of l}w rnmal^jle mirror. 
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Mirrof Otspi^cemem (mm) 

Fig. 7, Degradation of the spatial resolution in the HP 8504A preci- 
sion reflectometer made with aii LED source opefaiing at 1550 mm. 

measuring the group refractive indexes of the principal po- 
larization states of the birefringent material rutile (Ti02). 
Uith hght launched into both piiiicipal polarization axes of 
the crystal, there are two reflection peaks corresponding to 
the single back siuface of the crystal. This is because the 
reflections of the two polari nation states propagate at differ- 
eni sjjeeds aivd therefore are sepLiraled in time. Because of 
the high resolution achievable with the reftectonielen the 
propagation speed difference and therefore the difference in 
the group refractive indexes are easily me;^iired once the 
thicloiess of the material is known. 

Spurious Responses 

Because of the high sensiti\ity achievable using white-ligtii 
intetferometry, small secondajy reflections within the sys- 
tem can also be detected. Secondary retlect.ions can come 
from any component in the system, but since we ai^e tiding 
to measure the test ann, the device ujider test is t^ot consifl- 
ered to be a source of spurious responses. Depending on 
which arm of the interferometer they originate from, sec- 
ondary/ re ticket ions can show up as symmetric or asymmetric 
sidelobes relative to a large reflection peak. 

If the serondaiy rellectlons original c in the soiu-ce or receiver 
arm <.if the inteifero meter, they wiU give rise to a synunetric 
spurious response. Fig. 9, wliich shows the sei^ondary reflec- 
tion originating from a double bounce within die source, 
illustrates why this sptirioas symmetric rest>oiise is observed. 
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Fig. 8. Measuring the group refractive indexes of the principal 
I iGiarizaiion states of the birefringent material rutile. 

Tlie secondiuy reflection produces a small delayed version of 
the coherence wave packet (pulse) from the source, W\wn 
the reference ann is shorter than tlie test arm (mo\^abie mir- 
ror is closer to the beam splitter), the delayed secondarj^ 
wave packet from the reference arm can combine with the 
primary wave packet from the test arm to produce a spuri- 
ous response. W^en the reference ann delay is longer than 
the test arm (minor is furiher from the beam splitter), the 
secondary wave packet gohig tlirough the test arm can com- 
bine with the primary wave packet from the reference arm. 
Thus, one spurious response occurs before the true reflec- 
tion ( ^ in Fig 9} arid the other after it ( '^ in Fig. 9), symmet- 
rically placed around the true reflection at a distance equal 
to the spacing between the reflectors that generated the 
secondajy wave packet. The reflection ratio between the 
niain signal and the spurious responst^ is equal to the ratio 
of the powers of Uie primarj' and secondary wave packets. 

Asymmetric spurious responses come from secondary re- 
flect ions generated in either the reference or test arms. If 
the secondary reflection is in the reference ann, the spuri- 
ous response is on tlie lefl side of the tnte response. Con- 
versely, secondary reflections in the test ann produce spuri- 
ous responses on llie right side of the true reflection. 
.\lthough multiple reflections can originate from the device 
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under tesi , they are not considered spurious responses smf*e 
they are a true measure of the opf ical refletlivily from the 
test device. In some devices contaimiig many laige reflec- 
tions, ii may be diflK-uH to identify the reflective surfaces 
from tJie secondary reflections caused by them. 

EfTects of Water Vapor Absorption near 1.3 ^m 

in while-light interferonielr>', we often observe im as^^Tumet- 
lie tail on the left side of a strong reflection when a 135()-nm 
light-emitting diode is used as the source. Fig. U) shows a 
topical response. This tail results from ambient w^ater %'apor 
(01 1~) absorption at about 1.340 nm in the open l^eam of the 
reference arm under normal humidity conditions. The rea- 
son for this ^isymmetric t nil can be understood if we use the 
fact that the displayed reflection peak is actually a crosscor- 
relation (in the time domain) of the optical fields from the 
tw^o interferometnc arms. This crosscorrelation can also be 
viewed in the frcfiuency domtiin as a product of the f re- 
siliency spectnims returning from each interferometnc turn. 

The shari} OH" absorption lines cause al>njpi delta functioit 
changes in the freijuency spectnan which then result in long 
slow f!hanges in the Fourler-transfonned time-domain sig- 
nal. These changes show up as asynnnetrk- tails on the large 
reflection peaks because of the crosscorrelation of the fields 
from the two arms. A similar aigmiient, when apphed to 
absorption in the test ann. shows that the tail will be on the 
right Bide of the hu-gc reflection for that case. If the absorp- 
tion is in Ihe source or receiver arms, Ihc tails aie syimnet- 
ric. The spatial extern of the tail is inversely proportional to 
the spectral width of the abson>tioM lines. 

Comparison to Power- Meter-Based Measurements 

As described earlier, a relatively popular technique for mea- 
suring return loss (or percent of ieflecti\ity ) from compo- 
nenis <md connectors is simply to nieiisure the amount of dc 
powder reflected back front the device under test, Althoiigli 



easy to Iniplenienl, this technique provides different infor- 
mation from thc^ Inierferometric technique aiid has liniita- 
tions thai prevent ii from being useful in many applications. 
These liinitiitions include: 

• Since the detected power is the knegrated reflected and 
backseat tered powers from the total measurement system, 
small reflections can be "^masked" by large ones. For exam- 
ple, connector reflections can mask any reflected power 
irom the test fievice. Other soiirces of unwanted reflectivity 
can occur from coupler directi%1ty, the terminated (unused) 
coupler port, and Rayleigh backscatter from fiber pigtails. 
Even when special care is taken to address these problems, 
the power-meter measurement is limited to a return loss of 
about -00 dB or -70 dB. 

• Accuracy can depend strongly on ihe coherence properties 
of the source iLsed in the measurement. Wlien a laser is used 
to measure a device with multiple reflections, the reflected 
optical fields can add <:T>nsti'uctively or tlestructively if the 
coherence length is longer than the distance betw^een reflec- 
tors. If the reflected fields add destructively, the integrated 
leiuni loss may not reveal the presence of large reflections. 

Conclusion 

White-light iiUerferometry offers some unique advantages as 
a reOectometry technique. Excellent dynimiic range atid 
.spatial resolution can be obtained with source powers as 
small as 10 niicrowatts. Resolution is limited primarily by 
optical coherence lengtjis, w^hich can be on the order of tens 
of microm.eters. UnUke pulsed tecfiniques, resolution limits 
resulting from flber dispersion €*an be canceled with the use 
of a reference delay and interieromelric detection. ;\i though 
polarization dependence of the interference signal intro- 
duces some complications, it can lie minimized by using a 
polarization diversity receiver. Thus, wliite-light inlerferoni' 
eti7 opens up a wide range of ineasuremeni applications in 
de\ice design and testingj process control, and noninyasive 
diagnosis- 
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A Modular All-Haul Optical 
Time-Domain Reflectometer for 
Characterizing Fiber Links 

The HP 8146A optical time-domain reflectometer provides good dynamic 
range and dead-zone performance and user interface features such as 
comprehensive documentation capabilities and automatic link 
characterization. 

by Josef BeUer and Wilfried Pless 



Fiber optics has long been established in the coniinunication 
world anti so liave the test tools that, tneasure and character- 
ize the equipment needed for fiber-optic transmin^sion. Some 
oftfiese lest tools include: 

• Higltly accurate power meters to measure the output, power 
of transmitters 

• Optical sources (laser or LED) to slimulate transmitters 

• Power meters and sources to characterize passive optical 
devices 

• Optical spectrum analyzers to measure the wavelcngtli oi' 
optical sources 

• Reium loss meters to measure the quality of connections 

• Iiistrmiients to measure the state of polarization. 

An instrument that is needed to qualify the performance 
of fiber used for transmission is the optical time-domain 
renectometer (OTDRJ. 

Mber-optic manufacturers want to characterize Uieir fibers 
in terms of mechanical parameters, dispersion, bandwidth, 
magnitude, and uniformity of loss and attenuation at ien^hs 
mainly below 5 kn\. Cable manufacttirei-s want to measure 



the same parameters as the fibc!' manufacturer but at 
lengths above 5 km. Furthennore, cable manufacturers need 
to identify the location tuid quality of splices. 

During the installation of fiber cables the installer musl 
characterize the quality of the transmission link in terms of 
overall loss, attenuation of sections, position and through 
loss of splices, return loss and through loss of connections, 
link length, and location of breaks. 

\\'hile the link is in use it has to be checked regularly for 
pr'eventive maintenance. For these regular checks, mcasiuc- 
ments of the link are made to detect changes in link perfor- 
mance. Changes are detected by comparing the regular 
measurements to reference measiu'ements that were made 
when the link was installed. By compming the old and new 
link measurements it is possible lo react to transmission 
degradation before it becomes critical. 

The OTDR is capable of making most of these fiber 
measurements. 
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Overview of OTDB Operation 

An OTDR measuremcnT begins with a laser operating at a 
wavelength of aSO run, 1300 ran. or 1550 nin. The OTDR 
probes a fiber attached to its coraiector by sending an opti- 
cal pulse into the lll)er xia a 3-dB coupler (see Fig. 1). On its 
way through tJte fiber the light is partly reflected ( Fresnel) 
and scattered (Rayleigh) back lo the sending OTDR. By 
means of the optical coupler ihis backtravcling light is sent 
to a receiver that contains the components to convert the 
light into an electrical current. This current is converted to a 
voltage, which is amplified, sampled, converted to digital 
format, and then averaged by the digital Sigital processing 
engine. Knowing the speed of light, the index of refraction of 
the fiber, and the tinte between sending the pulse and receiv- 
ing its echo, the OTDR can determine the distance of the 
backscattered light from the OTDR. The OTDR finally dis- 
plays returned power versus distance on a semilogarithmic 
scale (see Fig. 21 

Fig. 2 shows that the OTDR tells the user rhe attenuation of 
a fiber over a certain distance (dB/km), places (indicated by 
step changes) where pieces of fibere are spliced together. 
aj\d the loss fron^ those splices. Also showTi iu-e peaks on 
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F'ig. 2. Aji oTDK display showing liie alLejiiialitHi of a fil^r^r in dl:i/ 
Icm, (a) A Hingly-mtxie fiber operHting &\ a Wiivelt?iigth of 1B40 nm. 

(b) A singio-nuirJ!^ filxT opcTating at VUi) urn. 



the trace resulting from FYesnet reflections which indicate 
poor connections and often lead to transmission problems 
in high-speed transmission links. 

More infomtation about the operation of OTDRs can be 
found in reference L The receiver shown in Fig. 1 is de* 
scribed in the article on page 60 and the digiiai signal pro- 
cessiitg engine in Fig, 1 is described in the article on page 63. 

History of OTDRs 

The fiist OTDR was developed about 16 years ago. These 
first-generation OTDRs were mujtimode instruments that 
used phot omul tip ber tubes to amplifv the very weak input 
signal. Equipped ^^ith the simplest data samplirEg systems 
and extemtil oscilloscope displays, these systems were 
bea\'>' ;md required skilled technicians to operate them. 

In the early lOSOs. the second-generation OTDRs started to 
enter the market. They were still multimode instruments but 
offered simplified user control because of the use of B-bit 
microprocessors. Most of these boxes were portable and 
could be used for mMntenance anil ser\^ice applications. 
Digital tiaia processing like storage artd averaging was intro- 
duced. However, since only one sample per shot was ac- 
quired (only one sample was taken for each pulse launched), 
many repetitions of the pulse were needed to characterize 
a complete fiber trace. With this technique only niodest 
noise reduction was achieved by averaging, even mth long 
measurement times. 

A big step forward in tetluural performance was achieved 
w^hen third-generation OTDRs were introduced. With a mi- 
croprocessor and dedicated haidware for digital signal pro- 
cessing, measin'ement speed was greatly increased by pro- 
viding one complete trace per shot. Thus noise reduction by 
averaging improved considerably. Real-time monitoring be- 
came a staiuku'd feature because of fast display refresh. 
Some inst rumenis offered pure single-mode capability for 
characterizing long fiber links, and olhers could be equipped 
with phig'in modules thai provided flexibility in mea.sure- 
meiit range, resolution, iuid iliffererit HI jcr types. Features 
sucIt as automatic splice loss, a builL-in printer', or masking 
with an acousloaptical switch illustrated the development of 
univei"sal t oofs covering a broad range of applications and 
customer needs. 

Aboul 1990, tile fourth generation of OTDlte brought about a 
splil iiUo two different types of OTl^Fis: liigli-etifl ajul low-^ 
end OTDHs, wliich are mainly distinguished by perfomiance 
and price. 

In bigh-performance OTDRs, 32-bit microprocessors control 
the uLstrument and pro\ide powerfid data processing capabit- 
itie.s tliat increase metisurimient speed and implemc^nt new 
functions. It is now possible to provide^ all-haul OTDRs that 
cover both sliorf-haul and long-haul measurement, applica- 
tions without having to change any module. Data storage on 
magnetic disk, interiacing to personal conu-mlei's, user inter- 
faces with screen windows, native language snijpori ffjr help 
screens, and scan trace algorithms are now availalile with 
tliese new instrument's. The clear intention l>ehind providing 
these features is Lo make the operation of an OTDR more 
user friendly and comfort able. However, perfornianc^e im- 
provement does cosh Higli-power lasers, low-ooLse avaJanche 
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Fig. 3* The HP 8 146 A all-hau] optical time-doiBain reflectompten 

diodes, powerful signal processors, and comprehensive 
equipment contribute strongly to a product's price. 

For many customers these high-end instruments represent 
overkill for llieir applications. As a consequence, more and 
more manufacturers are oOering simpliHed OTIJRs such as 
fault locators or mini-OTDRs. Some of the [proper! Jes that 
describe these portable, low-end instniments include: light- 
weight, handlield, battery operated, hmited dynamic range 
and resolution, and low^ display resolution. 

The HP 8146A (see Fig. 3) is a fo ml h -gene rat ion OTDR ihai 
offers the features and capabilities of high-end OTDRs. 

Design Goals 

With the improving quality of fibers, increasing bit rates, 
changes in fibers ( from muitimode fibers with core diame- 
ters of 50 jim and above to single-mode fibers with core 
diameters in die order of 9 \xii^), different wiivelcngths (850 
nm» 1300 nrn, and 1550 ma ), and new fiber-optic apphcation 
areas like LANs aitd FTTH (fiber to the home), the require- 
ments for fiber-optic test equipment have changed. 

When w^e started the development of Oie HP 814GA OTDR, 
we analyzed the OTDH market and came up with the 
following design goals: 

• All-haul arcbitecture to cover both long-haul and short-haul 
applications with just one pJug-in 

• 30-dB dynamic range at lO-tis pidse width within 3 rnin 

• 0.5-ni resolution in the shorr-haul mode 

• Modularity to cover single-mode appliearions operating at 
wavelengths of 1300 rnn and 1650 nm, muitimode applica- 
tions operating at 850 run and 130O nm with core diameters 



of 50 ^Jtm, and fibers with 62.5-^m diameters operating at 
1300 mu. 

We also wanted to pro\1de a user interface with the following 
features: 

• A scan trace feature to idenLify automatically and quickly 
(in seconds) the locations of splices and breaks, the return 
loss aiKl through loss of these events, and the attenuation 
between events of a complete link 

• Support for beginning users that enables them to set up and 
start a complete, predefined measurement with just three 
keystrokes (not counting powder on) 

» Native language supjijort and help screens 

• MS-DO S^^-compatible flexible disk drive or a memorj^ card 
for harsh environments to enable users to store measure- 
ment data 

• A built-in printer as w^ell as an interface for external printers 
and plotters without using an addilional controller 

• PC software that allows users to analyse OTDii ineasure- 
ments easily 

• A feature that allows users to compare the result of a 
previous measiu'enient with the current measurement 

• State-of-the-art analyzing functions for two-point loss, 
two-point attenuation J and I east -squares approximation 
of attenuation. 

Reflecting on all the different apphcation areas in which an 
(JTDR is used and especially all the different skill levels 
Ukely to use the iustnunent, the n>ain motto for the defini- 
tion of the IIP 814CA user interface was: "Keep it simple for 
the novice user, but do not restrict tbe sophisticated user." 

The user interface features of the HP 8146A are described in 
the article on page 72. 

Besides the goals mentioned above other design goals for 
the HP S146A OTDR uicluded hght weight, low power con- 
sumption to allow batter> operation, a:id a wide tempera- 
ture range to allow^ tlie OTDR to be used in all the extremp 
environmental conditions where a maintenance instniment 
might be used. Also, exchangeable connectors are offered to 
adapt to a variety of fiber connectoi^. 
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A High-Performance Signal Processing 
System for the HP 8 146 A Optical 
Time-Domain Reflectometer 



Three custom integrated circuits and a powerful 24-bit digital signal 
processor offload data processing from the instruments host processor. 

by Josef BeUer 



The digital signal processing unit of the HP 8146A OTDR 
acquires anil processes data coming fiom riie optical front 
end after the data has been amplified and converted from 
analog signals to digital mini be rs. Tliis data represents the 
response of an optical fiber uiider test to a probe from a 
laser pulse. Afiter fuither processing and iinear-to-logarithmic 
conversion 1 the fiber response is transferred to the inst rai- 
ment's host processor and displayed on the OTDR's screen 
as a ftmction of distance. 

The fiber response always depends on two physical effects: 
Fresnel retlections and Rayleigh scattering. ReOections oc- 
cur at locations with refractive index discontimiilies. Scat- 
tering, which is die donun;inl loss rT^echanistn in single- 
mode fibers, is gencrdicd unifomily iHong the fiber One 
main challenge of an OTDR is the wide range of the input 
signal level High power levels occur because of reHections 
whereas backscatlering produces very weak signals whi(4i 
are almost always covered by noise. To tletect and identify 
clej^ly events that are hidden by noise (to be able to do 
long-distance nieasurernent.s), any means of impio\ing sig- 
nal-to-nolse-ratio (SNR) must be appUed. Scmie increiise in 
SNR is acliieved by using an avalanche photodiode in the 
optical receiver uistcad of a p-i-n diode. Remarkable hn- 
provements are possible with digital signal averaf(in^ (see 
'"Improving SNR by Averaging/' on page 65). 

With digital averaging a.s a standard ()rocessuig scheme in 
OTDRs, SNR improvements of up to JO dB can be obtained 
dining a thrce-rninute measurement. This corresponds to 
one million averages since the increase of SNR is propor- 
tional to the square root of the number of averages. This 
processing requires a certain amount of hardware because 
each fiber trace consists of several thoustuul data samples. 

Since the early days of the development and manufacture of 
OTDRs, engineers have had to &^nig;gle with the fimdametUat 
OTDR range/resolution trade-off The high spatial resolution 
needed in shoH-haul applications can only be achieved witli 
short laser pulses ^md a w ide receiver bandwidth. TliLs means 
a low dynamic range. A high d.viiamic range for long-rli stance 
measurements is possible only with long laser pulses and 
low receiver bandwidth. One of the flr.'^t questions in the 
desigti of an OTfJR is wiiere to place the instrument alon^ 
this range/resolution lineiuul how to balance the properties 
to fit castomer needs in tiie bc^st manner It was Uiis question 



that convinced the HP 8146A development team to build an 
aD-haul instrument t hat conibines both worlds and covei-s all 
typical applications. 

Digital Averaging and Processing 
Digital averaging and processing require samphng and ana- 
log-to-digitiil conversion of the anaiog signal supphed by the 
OTDR receiver (see Fig. 1). The analog-to-digital converter 
(ADC) is one of the key components in an OTDR smce its 
conversion rate and w^ord width influence measurement 
speed, spatial resolution, and achievable dynamic range. In 
general, speed goes inversely as resolution (accuracy J at a 
given cost. In principle, a low-speed ADC with 16-bit resolu- 
tion would fit into an all -haul OTDR. It pro\itles a high dy- 
namic range for measuring long ar>d lossy optical links. On 
L^ic other end, high spatial resohition can be achieved (if the 
analog bandwidtli is sufficiently high) by applying the mter- 
Iea\ing princii>le (see Fig. 2). However, this rcsolulion is 
achieved at the cost of measurement time antl thereby of 
noise reduction. To overcome this disadvantage it was de- 
cided to use a higlvspeed> 8-bit flash ADC in the HP 8 146 A. 
Its performance is very applicable to shori-nmge afvpUca- 
tions. To cover tong-distance and tiigh -dynamic- range mea- 
surements, variable decimation (Fig. A) and sotjlusticated 
stitching (Fig. 4j are implcme!it,etl to overcome the limited 
conversion range of the high-speed flash ADC* 
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Fig. 1. The components of the HI* J!^146A jnvolvorl in proce.ssing the 
signal from thp fiber under test, 



Ft^bniiir> 1991 Pt^wlell Rm kard Joijmiil GS 



)Copr. 1949-1998 Hewlett-Packard Co. 



Result of First Measuremanl Shoi 




Result Df S«conif Messiiremem 
Shoi tfvitli Delayed Data Sampiing 



Combine if Measufenient Result 



Samp) In s Times for First Measurement Shot 



Tlw» 



Sampling Timfls for Second Measurament Shot 



Uma 



Fig* 2. I. Isinj^ interleaving to iiiiprovf spatial resolution by a far-tor of 
two by combiRing iwa sur:re<5sivp measurement shol.i^. The sec: one! 
acquired trace is sampled mLli a iirne delay af half the sanipliiig 
distance relative to the llrst irace. 

With variable decimation two actjacenl data samples are 
SM mined to one new data point. The geometrical spacing 
between the resulting data points increases^ resulting in a 
greater measurement span. Decimation or downsanipling 
can be performed with any number of successive samples. 
An advantage of this metliod is that it results in additional 
noise reduction because decimation calculates the mean 
value of consecutive sauiples, having the effect of low-pa^s 
filtering, 

Stitchmg increases the conversion range of an ADC by 
executing one tnejrisurement with a low^ gain setting and a 
secomt nictisuremeni wiih a high gain setting in Uie ampli- 
fier path. The clipped pari of the high- gain measurement is 
replaced by the corresponding detail of the nonchpped 
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Fig* 3. .^n illiJKtialion of using variable decimation to overcome ihe 
limited range of the high-speed flash ADC. 
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Fig. 4. Stitching to increa^je the range of an AD(X (a) Measurements 
made uith Itigh aiid low amplifier gain selting?^. fb) The signal after 
slitcMng, 

measurement multiplied by the ratio of the gain factors. The 
transition region of t.lie resulting fiber trace is invisible to 
the user since the gain rat it) is calculated from the two indi- 
vidual traces to eliminate any gain variation of the analog 
amplifiers and because the transition region is computed as 
a w^eighted mo\ing average. 

Key specifications like resolution, d>Ttamic range, and aU-haul 
capabilities were determined or influenced by the architec- 
ture of tlic FfP 814GAs digital signal pioccssiiig system and 
the insl rumen fs data acquisition speed and data ijrocessing 
power From the begin nir\g of the project it v^-as clear that 
the contribution of the new ail-haul feature could only be 
realiscefl by the development, of a flexible and powerful digi- 
tal signal ]^rocessing board. Friendly user interface features 
like obtaining a printout and getting a fast zoom while a new 
measurement is iTuming are smipler to implement if the host 
processor is relieved of computationally intetisivc taslfs by a 
high-throughput digital signal processing system, 

A signal processing system can be highly efficient only if the 
acquired data is processed at the highest speed possible. 
After data acquisition the next main operation of signal pro- 
cessing is real-time averaging with positive or negative signs 
(addition and subtract ion). Because even a digital signal 
processor caift perform averaging and decimation at clock 
rates of tens of MHz, w^e determiiied that an ASIC that in- 
cluded high-speed data acquisition, averaging, and decima- 
tion had to be developed. With a 16-bit w^ord length in the 
first processing stage we calculated that an ir^ struct ion cycle 
of 40 ns (25-MHz clock) w ould be feasible if a CMOS 
L55-^m process for a gate array were used. 
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Iinpro\iiig SNR by Averaging 

Signal averaging in OTDRs sums repetitions of measurernent shots using an accu- 
rate time reference fer syochTDnijation To see how averaging improves s zi^ -^ * 
noise ratJo ISIMflJ we represeni a stngle shot measuranem result Mt) as ^ '. ri 
part s[|f andan uncorrelated nojse elemem n,jtj: 

Tte sum fgygft) of H rapetitivi measurement shots divided by N is: 

.=^ .^t ,=T 1=1 

It can t>e si^n that the rarmlated sigrral parts s(!] aijd up proportionally, but the 
rrnise sum rieeds more detailed consi(ieration 

The rms noise level or standard deviation tj, of nit) can be descritMi as' 



II, = Jl[nii] ^ n,(t|f - yE[n?(t)] - Efnjftlf 



where E is the e^ipected vaEue. If we assume a lero mean noise the rms level af 

the noise sum c^; gives the result 



OE = 







N 

z 

1 = 1 



If the individual noise terms njt] are uncorrelated thin all prodtiCt terms with 
iridejces k ^ I rfisappear. Tliys we get 



47N-EK(t|]. 



Substrtuting a, from above yfetds: 

The sum of coherent signals builds up linearly with the number^! m&asyrements 
{or repetitions!, N, while uncorrelated noise builds up only as v'N. Thus the srgnal- 
to-noise ratio improves as JH. 



A sample spacing of 40 ns is equivalent to a spatial resolu- 
tion of about 4 m in an optical fiber since an OTDR performs 
rotind-trip measurements. This did not seem suftleient for 
short-hauJ applications even though higher resolution can be 
realized by inierlea^ing at tht* expenst* of measurement 
time. By using two gate arrays for data acquisition^ an aver- 
age processing speed of 50 MHz can he arhieved if du* gate 
arrays are siippheci with input signals mutually delayed by 
20 ns, Wilh this configuration, one gate array processes all 
input sauiples wilh even uidexes imd the other processes ad 
odd-numbered samples. In this case spatial resolution im- 
proves to 2 ni for real-time measurements. Ftirther intprove- 
menl of resolution down to 1 ni or even 0.5 m c:an he realized 
by interleaving within an aceef>ial>le measiu-ement time. The 
advantages of a Siitnplir\g raOMhis high arc^ a high spatial 
n^soluLioji in a short nu^iLsurentcnE lime and additionaJ noise 
reduction by dec^imation when longer nteastirement spans 
are selected. So as not to l<jse ^iny performance and to limit 
memor>' depth. Ibis tiecimatiun musi execute in real time. 

The two gate arrays cannot perform all the necessaiy isig- 
nal prnc ossing operations by themselves bi^cause word 
length is ihnjted to 16 bits and because speed requirements 



limit complexity. Therefore, sev^eral main circuit blocks 
work together to provide an efficient data flow without 
incurring mucli overhead, aij described below. 

Digital Signal Processing Board 

The arcltitecture of the digital signal processing board is 
sho>%Ti in Fig. 5, Its openition is controlled by the instnunenl's 
h*>st |>rf*cessor \ia the de\ice bus interface, 

Devtoe Bits Interface. The bus interface is a l&bii bidirectiona] 
interface thai provides access to the host microprocessor 
for all of the instrument's main function blocks. Registers 
and memoiit' of t lie bus interface are mapped into the hosi 
proressor's memory by address tleeoders. Data and address 
buses are buffered to minimize loading the host ituerface 
and to switch the direction of the data path. 

Time Base and Pulse Generator Since the instnmient's dis- 
tance accuracy is directly influenced by the stabihty and 
precision of the internal tin^e reference, a cr>^stal -control led 
oscillator is usetl as a tiiiK^ base for the HP S146A. Tlie oscil- 
lator frequency is 200 MHz (5-ns period), which has I he ad- 
vantage that all timing parameters like measiu-ement start 
and stop, the shortest sample sparing (0..5 m). and the pulse 
width (5 ns). can be diiectly controlled by the time base. 
Therefore, pulse width and sample spacing are very accu- 
rate and distance acctu-acy depends mainly on the refractive 
index and cabhng factor uncertainties of the fiber. 

The pulse generator is programmable to provide pidse 
widths ranging from 5 ns (high resolution) to 10 \xs fhigh 
dynamic range) for short-haid and long-haul measurements. 

Data Acquisition Block. Considerable design effort went into 
the development of the data acquisition architectiu'e (see 
Fig. 6) to optimize the av^eragitig process of the measured 
fiber signatures. 

The input data coming from the ADC is fed to two registers 
that provide at their outputs twTj 8 -bit *iata streams which 
are mutually delayed by 20 ns. Elaeh cjf these outputs is con- 
nected to a data acquisition gate anay nmning at 25 MHz. 
These gate airays are fabricated with a 1.5D-[tm C'MtJS pro- 
cess and packaged in a 124-pin F^(iA. Each contains a 9-bit 
adder, a 16-bit wide AlAl, a decimation coinUer j)lus register, 
an address counter with memorj' control circuitry, and im 
arbiter block to control acquisition-RAM access either by 
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Fig, 5, liloek du'iM^'iUN of ttif digital ijignal processing board. 
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the gate arrays or the digital signal processor. The 9-bit 
adder is activated only for measurements in which decima- 
tion is used. UTien it is used it sun is I he two successive 8-bi( 
data words of tlie 50-MHz data setitience, provhiing aii inter- 
mediate result each 40 ns as input to the 16-tiit ALU This 
corresponds to a decimal ion hy t wo. tiigher decimatiorts for 
longer measurement spans are reatize{i by an 8- bit, [>reset table 
counter ^md by data looping w^ithin tJie main ALU block. 1 1 
can be seen that for decimated mcEisurements {sample spac- 
ing greater than 2 ni), one data acquisition gate iuray is suffi- 
cient. For bigh-rt^olution nieasurementJi> with ^mple .spacijig 
of 2 m or belf>w bfJt.h gate arrays are necessar>\ hi I his case 
one of the gale arrays processes even-numbered data saiuples 
and the other gate array processes odd-numbered samples. 

Data averaging runs along until the word w^dth reaches 16 
bits, a limit set by the ALL design atul by the exLemal fast 
SrtAM. Depending on the decimation tiictor. this is the case 
after at most 256 measurement shots. 

The Digital Signal Processor The Motorola DSP56001 is a 
24'bit fixed-point, ingh-perFormanc^e digital signal processor 
with separate data and address AIJJs operating at lOO-ns 
instiiiction cycle time. With its 48-bit long-wTjrd processing 
capabilities, the processor is ideally suited for applications 
requiring extensive data averaging. Different measurement 
(and test) programs can be copied from an EPROM into the 
processor's intemai program RAM according to the particu- 
lar measuremem situation- t>ata memory is organized as 2 x 
24-bit X lOK SRAM with an access time of 35 ns. Two I/O 
ports me conHgured to deliver tout rot signals to other cir- 
cuit blocks. This processor does furtJier averaging and post- 
processu\g on the fiber trace data and provides prepared 
data to be displayed on the CRT. 

Shot Control Block. Tlie nic^ior components of the shot control 
block include a gate array, a 12 tut shot counter, and an 8-biL 
shot RAM. The gate array was developed because of the 
shortage of board space and not for perfonaaitce reasons. It 
replaces about 40 TTL ICs and is n\ade up of six 16-bit com- 
parators, six 10-bit registers, a presettabie 16-bjt counter, 
and miscellaneous glue logic. The gate-array registers can 
be read by the host processor \ia the device bus interface to 
determine information such as the stait and stop distance of 
tJie measured fiber trace and the time of the laser trigger and 
its repetition rale. The shot counter is triggered repetitively 




Fig. fi. Block dtagrain of the data 

acqmsition block. 

shot by shot by the gate array and uses its count state to 
adtkess successive locations in the shot RAM. The data in 
the shot RAM, which is program [ueti by t tie host processor 
during initialization, determines tlie arithmeiicai function of 
the data ac:quisition gate arrays, whether the laser is erval^led 
or (iisabled, and whether the acquisition RAM is to be 
cleared. These programmable fund ions ilhtstrate one part 
of the ability to adapt the digital signal processor to variotts 
measurement tasks. 

Functional Description 

Pressing the START key on the instrument's front panel initi- 
ates a new nieasurement process. The process begins w itli 
the instrument's host processor programming the digital 
signal processing board according to the measurement pa- 
rameters select ed by t he user. The main parameters for t [ie 
signal processing botu'd that determiuc a particuiai^ mea- 
surement situation are pulse width, nveasuremeni start and 
stop, repetition time, sample spacing, and long-haul or short- 
haul operation. This group of parameters iletennines which 
one of several measurement programs stored in the board's 
EPROM should be loaded into die DSP56001 digital signal 
processor's RAM, The ability to select a program for the 
DSFSiiOOl fiom among a xariety of otiier {jrograms is an- 
odier part of the digital sij^nal processing board's flexibility. 

Programming the signal processing boai'd by the host 
processor proceeds in the folJ owing manner; 

• The decimation factor, which is derived fiom the metis ure- 
ment span, is transferred to the data acquisition gate array. 

• A code for the selected pulse width is written inio the ap- 
propriate register of die pulse generator and (hen codes fi>r 
measurement stait iind stop, repetition time, and laser trigger 
time are transferred to the siiot control gate array 

• The sliot RAM is loaded with code for up to 256 individual 
measurement shots w hich are executed and repeated 
successively. 

• The shot coimter is set to the number of nieasurement shots 
that can be av^eraged without overflowing the acquisition 
block. 

• Other information related to the measun^ment such iis the 
interleaving factor, display ujjdatc tin\e interval, refresh or 
averaging measurement, and llie measurement softw^are to 
be used (e.g., long-haul or short-haul) is wTitten into the 
SRAM of the digital signal processor, which is in a high- 
inipedance state at that tune. 
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By removing the master reset signal of the digital signal 
processing board, the DSP-56D01 slaHs to boot and load the 
specified measurement pro^^am from the EPROM into its 
internal program RAM. A flow chart of the signal processor 
software is shown in Fig, 7, 

After the instrument passes self-test, a host tntemipi A 
releases the signal processor from a wait kK)p aivd starts the 
repetitive n^easurement process on the signal procressing 
board. The iniemipt A service routine clears the 4B'bit long- 
word averaging rnemoo' in the DSP56001 R.'^.M and evaluates 
the measurement parameters for initializing die measure- 
ment loop. The number of loop iterations determines the 
display ujidate time inten-al. In the measurement block loop 
the baseline signal is updated and the shot control circuit is 
triggered repetitively with each loop pass. (A variable base- 
line signal is added to the ADC input for improved linearity.) 

The shot control starts the measurement process by provid- 
ing control and trigger signals for the pulse generator and 
tJie data acQiiisition gale array. For each measurement shot 
the shot counter is decretiiented by one. When it reaches 
zero, the shot counter's terminal count pulse stops ttie acqui- 
sition process and intenupts the signal processor to fetch 
the averaged data from the data acqtiisit ion RAM. The 
DSP5600I transfers die fiber trace data to its own memory^ 
and does more averaging at the same time, con vetting the 
data to a 24-bit representation. If interleaving is used the 
signal processor sorts the data samples in the right se- 
quence. The process up to Uiis point is cahec! a measme- 
ment block. The execution time of the measurement block 
can be calculated from the nutnber of nieasurement shots 
and the repetition rate. Thus the amount of time allocated 
for the display update interv^al detemiines the ninnber c^f 
meaSLU'cment blocks or tJie nmnber of measuirment loop 
passes that aie executed. All calculations for the number of 
measurement blocks and the number of shots per block take 
the processmj^ time of the DSP56001 into account. 

After finishing this measurement pari j posiproeessing of the 
fiber trace data starts. Offset Crilculation yields m rc^sull that is 
used for a closed-loot) f'ontrol to cancel any drifl in die ana- 
log circuitry or the dc portion of the optical inf)ul signal For 
self-test purposes, the rms noise level can be calculated- The 
intermediate measiuement result thai was obtained between 
two dis])lay updates is now added to previous fiber hace 
data and stored in a 48-bit integer long-word represenlat ion 
to avoid any data overflow with long measinement times. If 
necessary a finite impulse response (FIR) fdter is applied to 
prn\ide noise reduction and some trace smool hing for im- 
proved SNR. In a kist step the mcjisurement data is converted 
from a 48-bit linear represenlat i^ni to a Iti-bit logarithmic 
rei)resentation using a conversion table, providing a resolu- 
tion of D.OOl dB with an e%en better ace uracy. The whole 
data acciuisition prtjci^ss htis a tyT)icaI efficiently of 9f)'^> be- 
cause ortly KfHt of the time betweeti two display updates is 
used for data transfers or signal processor calculations, 

A measmemeni-ready iiitermpt to the host indicates to the 
main firoce^ssor that a new measurement result is available. 
For each display update llu* host processor fetehes I he lf>ga- 
rithmic fiber trace dahi ivnm the signal proccsscjr RAM. 
Thus, the instrument's mtiin fjrocessor is relieved of the 
whole .signal and data processing burden, allowing it to 
focus on updating the display. 
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TeehnicaJ Data 

Tht^ digital signal processing board is a six-layei; 192-riim- 
by-303-nini printed cireuil board. The board layout was doiw 
with an intt'nial design system for printed cireuil boards. 
Critical traces of Lhc puise generator, the time base eireult, 
and the high-frequency clock lines were manually prerouted. 
About B5% of the traces were routed automatically. The 
online design rule checker was highly appreciated when 
manually etijling the copper traces. 

Power <'onsuniption of the board is about 18 watts. More 
than half of the power consumi>tion is because of the ECL 
pulse generator which consists of lOKH series devices. For 
RFI retisorts and because of functionality, high-speed com- 
ponents arc grouped together to keep copper traces as short 
as possible. However, this arrangement causes some non- 
uniTomi power density on the board, requiring the air flow 
provided t>y the fan on the instrument s rear panel. 

By using a +5.1 V single supply voltage for both the 1TL and 
ECL circuitiy, we achieved some simplification in the power 



supply design and a contribution to cost reduction. How- 
ever, proper gi'ounding and decotipling are necessary to 
avoid perfomuiiice tlegradatton. One ground plane and two 
separate voltage supply planes for ITL ar\d ECL devices 
ensure reliable operating conditions. 

Suitimary 

The aixhitecture of the digital signal processing board sets a 
new level of perfornumce and flexibility in OTDRs. Its real- 
time acquisition aiid f iroressing rate of 50 M.samples/s repre- 
sents a sixfold inxprovement over its predecessor the HP 
8i45A OTIJR. The cooperation of three gate ^urays and a 
digital signal processor increases data processing through- 
j.>ut by one to tw^o orders of magnitude. Flexibility is provided 
because various measurenieni programs for the signal pro- 
cessor can be selected, even on the Oy, and the iuithnietic of 
the high-speed data acquisition jtrocess can be progranuned 
to adapt to different applications. 
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Design Considerations for the 
HP 8146A OTDR Receiver 



Low noise, high bandwidth, and good hnearity are characteristics that 
guided the OTDR receiver circuit design. 

by Frank Maier 



The basic requirements for an all haul OTDE receiver are 
low nojse to achieve a high djTiamic range, high bandwidth 
for excellent dead-xone perfom ranee, high hnearity to en- 
sure thai the displayed data is valid, and the ability to make 
return loss measurenierEts. 

A tool that helps to visualize these reQuirements is a level 
diagrajn. The level tUagram in Fig. 1 shows the perfonnance 
of an OTDH operating on a single-mode fiber at 1111 Q nm. 
The laser source sending the pulse \o the receiver has an 
optical power of 25 mW or 14 dBm, Because of the ;i"dB 
bidirertionai coupler shown in Fig. 2^ the source power is 
attenuated by 3 dB. Therefore^ as shown in the level diagram 
w^e have 11 dBm launch power into the fiber under test. 

The OTDR must detect backseattered (Rayleigh) and re- 
flected (Fresnal ) signals. The highest power level is the 
Fresnel reflections from the f JTDR output (glass-to-air inter- 
face). These reflections are 4% of the incident powder level, 
or 14 dB lower. Taking into accomit tlic round-trip propaga- 
tion of the signal, there is another 3-dB loss when the return- 
ing signal is split again in the coupler. The magnitude cjf the 
backscatler signal is dependent on llie pulse width of the 
launched pulse. For a 10-us pulse the backseat ter is approxi- 
mately 40 dB below launch pow^er, and for a 10-ns pulse the 
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Fig, 2. Tlie receivcLT and coupler blocks of the HP 8I46A OTDH. 

backscatter is 70 dB below^ laimch power. Thus, the initial 
powxT at the receiving element of the OTDR is -32 dBm for 
a 10-f.is pulse and -62 dBnt for a 10-ns pulse. 

We wanted to achieve a 3[)-dB dynamic range for the HP 
8146A. The dynamic range is the difference between the ini- 
tial backscatler le^el (at the longest pulse width) and the 
peak noise level (st^e Fig. 3 ). Both the launched pulse and the 
backseattered or reflected signal are atteimated by tiie fiber 
(typically 0.3-5 dB/km at 1310 nm single-mode). A required 
dynamic range of 30 tlB results iti a two-way fyO-clB loss. Since 
the user is only interested in the one-way loss, the OTDR 
divides the measured two-way attenuation by two. Consider- 
ing the 10- ^s pulse width, which has a -32-dBm inititil back- 
scatter level, a peak noise level of -ti2 dBm (or a -97 dBm 
rms noise level) must b(^ achieved to guarantee I he required 
SOndB dynamit^ range with a three-miJiute averaging tune. 

The Receiver Circuit 

The ^i^itajnic range sjjetifi cation combined with the high- 
bandwidth requirements to achieve good dead-zone perfor- 
niance resulted in the rc^ceiver design shown In Fig. 4, Tlie 




Fig. 3. T]\f i )T]M ilynmwU' r^migt' paranieter. 
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Fig, 4. HP 81 46 A receiver tirt iiit 

block diagrrim, 



opttcai-tD-elcctrical conversioT^ is nmde by an avalartrhe pho- 
lodiode. The inner gain of this eienient. helps to reduce the 
feedback resistance of the Iransimpe dance ainpUfier, which 
increases Llie bajidwidLii. Tlie disadvantage of the avalanrhe 
phatodiode is I lie need la Iiave a highly stable, temperature 
c:on\pensated higli-vohage supply. To isolate the sensitive 
receiver from the lYoisy OTDR environment the whole re- 
ceiver is supplied via dc-to-dc converters. All other basic 
noise considerations have been described in reference 1. 

Tbe receiver has I be following modes: 

• A retum loss mode to measure reflections 

• A shorr-haul mode for good dead-zone pcrfomiance 

• A low -noise, long-haul mode for high dynamic range. 

Tbe basic difference between these three modes Is I be dif- 
ferent optical'to-electrical conversion gains. These modes 
can be characterized by the i>ower that must be applied at 
the receiving element to reach the clip level of the analog-to- 
digital converter in the OTDR fsee the clip levels in Fig. 1), 
In tiie return loss mode the gain saturation effects of the 
avalanche phot.odiode are taken uito account to achieve a 
3-dO increase of the retuni loss mode clip level, Kven the 
retuni loss of FVesnel reflections can be measured if they 
are not located directly at the OTDR outj^ut. 

In sununary, the instniment covers a range of approximately 
90 dB optical from tiie highest rellection being measured 
down to the noise level. Because of the direct convei'sion 
from optical power to voltage at the front -end amplifier, ttiis 
equals 180 dB in the electrical domain. 

OTDR Linearity 

Another aspect of the OTDR perfonnance Is linearity. During 
deveiopmeni we found that the limiting element to good 
hnearity is no! tbe receiver as expected, but the anaiog-to- 
digital converter. One w^ay of improving the resolution of the 
converter is by averaging the receiver noise with the assump- 
tion that it has a Gaussian distribution,-^ For a long averaging 
time the statistical distribution of the measurement values 
yields: 



by the differential nonlinearity (DNL) of the ADC, which is 
expressed as: 



k 



CD 



DlSTLt, = I actual step size k - 1 lisBl. 



(2) 



As shown in Fig, 5 for an ideal ADC with DNL equal to zero, 
k = n. However, if the DNL is not equal to a:ero the distnbti- 
tion is distorted and k is not equal to ii but to n + An. 

TTiis effect limits the achie\'able lineailty. To improve Hie 
linearity of the OTDfi a better ADC with lower differential 
nonlinearity could be chosen, but this leads lo higher costs 
without signifif^ant improvement. A typical At)C differential 
nonlinearity value is 0.75 LSB (some have 0.5 LSB but cost 
three times as much). A better solution is to use more of the 
ADC range. Differential nonlinearity varies in a noise-like 
fashion over the ADC range. Tills learls to majiy different 
values for An, with tbe average value being closer to zero as 
more of the AD(" range is used. This caimot be done by in- 
creasing t he receiver noise because it would decrease the 
dynamic range. However, the measurement point can be 
shifted by a variable but known amount on each measure- 
ment, and then the measurements can be averaged taking 
into accoiuit the known slufts. This teclinique results in 
shifting tlie noise distribution over a wider range of the 
jVDC, improving the OTDR lineailty without decreasing the 
dynamic range. 



Ideal ADC 
with DM = Q 




where each measurement value k is w^eighted by the relative 
frequency of occurrence pi;. The accuracy of k is affected 



Maasuremenl Value k 

Fig. 5. Fctr a signal ^ith Gauj?i?ian nojsc and a value of n, the mean 
oltiie measured values equals n if the ADC has zt^ro differential 
lumlinearity. 
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In the HP 8146A, shifting the measurement vB^ue. which is 
also called software dithering, is Imndled by the digitally 
controlled offset compensation circuit shown in Fig. 4. An 
example of software dithering is shown in Fig. 6 where the 
fiber attenuation has been measured while vanning the opti- 
cal input power in 1-dB steps. The variation of the nieasmrd 
attejiuaiion is improved by a factor to tn^o to three. 
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User Interface Design for the 
HP 8146A OTDR 



Based on a multiprocessing operating system, the HP 8146A OTDR 
software can handle simultaneous execution of instrument operations, 
hide the complexity of instrument operations from the user, and provide a 
range of user-friendly features. 

by Robert Jahn and llarald Seeger 



Altliough many of the tasks pf^rfomieci by an insti-unient 
such as an OTDR may in%'olve maiiy rcmiplex nperations, 
the user inierface must provide tiie funrtionaliiy lo hkip ihLs 
compleKily from the usen Trained operaUyTs must bt^ able to 
do difficult measurements for characterization of optical 
links after instalhition. If a link is broken, the location of the 
break must tie found quickly and precisely. In this situation 
ease of use is veiy important because the operator htis no 
time to read a manual or become laniiliar with a complicated 
instniniejit. 

The following are some of the user-accessible features and 
capabilities provided by the IIP 814fJA OTDR: 

• Comprehensive documentation and storage of measured 
traces 

• Automatic trace analysis and fault detection 

• Help screens and native language suppon 



Automatic ghost detection and removal 
Remote ojieration. 

OTDR Software 

The binary code for re\%ion 1.0 of the OTDR software is 
almost 500K bytes. The software runs on a Motorola 6B010 
microprocessor and is basetl on the real-time rnultiprocess- 
irtg operat ing system pSOS-6Bk, which can coordinate multi- 
ple asynchronous activities. Thus, we have six independent 
processes nmnmg in parallel Each process has its own data 
aiea and slack. A process communicates with others by 
sending signals or messages via the operating system. Infor- 
mation common to multiple processes is stored m data- 
bases, which are accessible only to driver routines. The pro- 
cesses are created after power-on by a special process 
called the root process. The root process spawns [he oilier 
processes, creates their mailboxes^ and then acliyates tl^em. 
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Fig, 1, The data flows and inter- 
actions between the software 
processes ii\ the HP 8146A. 
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After all six processes are ready to nm, the root process 
eliminates ilseif. 

The display process handles most of iJie Imnian interface 
acii\1ties such as accepting all input in local mode \la the 
RPG and keystrokes, starting the requested actions, doing 
some analyses like calculating loss, attenuation, splice loss, 
and retiim loss, and drawing CET test and graphics. Be- 
cause of complexity, some tasks cannot be handled by The 
display process and so it passes requests to other processes 
to do the work. 

The other Hve processes (or message exchanges ) are: the 
measurentent process, the dump process, the memo pro- 
cess, the scan process, and the remote control process. The 
interactions and data flows betwc^^n these processes are 
illustrated in Fig. 1. 

Measurement Process^ To start and stop a measurement, 
niessages are sen I to the measurement process, which re- 
turns a positive or negative acknowledgment message. In 
the HP S146A averaging modCt the measurement process 
iransfers resuhs from the digiial signal processing system to 



the database once every second. After eveo' transfer a mes- 
sage is sent to the display process informing it that new data 
is available for display 

Dump Process. Ml communication with output de\ices such 

as the ii^iemal and external printeis and plotter is done by 
the dump process. The dump process also configures the 
assigned interface (HP-IB or RS-232)- 

Memo Process, Everj^ access to registers in battery -buffered 
liAM, ilexible disk, or the memor>^ card is executed by the 
memo process. When the memo process receives a request 
such as to store a result to disk, it will acknowledge \^ith a 
request done message if the operation is successful; other- 
wise, it reports an error to the display process. 

Scan Pmcess, A complete automated analysis of fiber link 
measurement data is done by the scan process. Results of 
this scaiming are stored in the register database. 

Remote Control Process. Remote control of the OTDRis 
done via the remote control process. The remole control 
process configures the tissigned interface and manages all 
UO requests. 
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The beiiefit of using independt'nt processes instead of smvple 
function calls is parallelisni. The dump process, for exjioiple, 
has a buffer large enougli lo hold one compiete measure- 
ment result including parameter settings and resuhs of the 
automated fiber scanning. The display process accepts the 
user request for pruUing the trac*^ and then sends a print 
message to the dump process and waits for an acknowlt^dg- 
nient message, .\fter the dump process receives the print 
message, it tests the connection to the printer and the print- 
er's status and then copies the trace from the display prtj- 
cess s memory to its buffer. This takes sonie hundreds of 
nulliseconds. Once the dump process is cione t'rj[>yin^ the 
display data to its buffer, it sends an acknowleiigtiK'nt to the 
display process so that it can resiune accepting ttser inputs, 
WTiile nmning at a low priority in the background, the dump 
process sends the text and graphic data to the printer. Some 
OTDRs block all activity whJJe printing or plotting, t)ut the 
HP8146AdoesnoL 

Help Text 

To help users understand and use the instrument effectively 
we implemented an online help facLhtj^ This kind of short - 
form manual must be available in several hmguages. Tit e re- 
fore, we offer tlie capability to pro\nde native language ht^lp 
text. In the field offices where the inslrmneni is sokl, engi- 
neers are provided with the tools to translate Knglish text 
into the corresponding local langttage text and then link this 
translated text into the OTDR softv^^are. Cuneiitly we offer 
help text for English, French, German, Pollsli, Spanish^ 
Czeehoslovakian, Portuguese, and I tab an (see Fig. 2). 

To enable engineers to downk)ad help text to the mstrumeni 
in the field, Hash EPROMs ;u^e used to store software and 
text. With flash EPROMs the permanent software in the in- 
strument is reduced to a software loader that reads software 
from an external device like a flexible disk, a memo 17 card, 
or a host system [via the I IP-IB) to program the fi^iish 
EPROMs. Tilts nuikes it easy tcj imike software enhiincements 
and support, new laser modules. Native language help text 
can be implemented on demand and distributed by flexible 
disk or even electronic mail. 

Scan trace 

WTien users want to analyze their fiber links this typically 
means searching for nonreflective and reflective events* 
and the stari: and end of the fiber under test. They want to 
know the loss or gain resulting from sphces and gain ele- 
ments and the through loss and return loss of connect ore. 
Scantrace is an automatic trace antilysis ^md fault detection 
algorithm provided in the IIP 814GA that does all these mea- 
surements in less than lU seconds. 

To understand the advantage of the Scantrace algorithm, 
consider the steps involved in manually making a splice 
measurement from just the plots that appear on the instm- 
ment display. Tlie first step would be to position line seg- 
ments on each side of the event on the trace (see Fig, 3). 
The line segnients aie least-squares approximations of the 
backscatter on either side of die splice. The line segment 
lengths can be acyusted by changing the two marker posi- 
tions. The difference in the signal strength of the two line 
segmenls gives the splice loss. The correct position of the 

- Nonreflective events mcfude fusion sptices and gam ElemEnis. Refieciivs events mcliide 
cannections. Mechanical spiiC.BS cau^ small reftscLiQns. 




Oi stance (km) 
Splices Lass =; Xj - X^ 

Fig. 3, Splicu luss rneasuniintnit. 

sphce is the the last point on the backscatter just before the 
event. In the same manner the through loss of retlectivc 
events can be measured and positioned. Three markers are 
necessar^^ to measure the return loss of reflective events. 
Filially, a least -squares approxiniation measmemeni f^an be 
used to calculate the attenuation bet^^'een tl^e two events. 

If we apply the above procedure lo an 80 -kin fiber wilir 
sphces every Iwa kilometers, 40 splices would Itave to be 
calculated and 4iJ sections wouki have to be measured for 
atteitiiation, .^Mso, the reflective event of the OTDR connec- 
I or and the reflective event at the fiber end must be mea- 
sured. All these measurements would take more tlian half an 
hour. Wit h Scantrace t hese measurements can be done in 
less than 10 seconds. Fig. 4 shows a printout of a complete 
analysis of the 80-kni fiber mentioned here. 

Result Documentation 

The IIP 8146A provides two ways to document mt^tisiu'e- 
ment results: haid copy or storage on external devices. To 
identify a measurement, an identification code, an operator 
name, and conntients can be added before printing or stor- 
ing. Hard copies can be made by an internal printer, an ex- 
ternal printer, or a plotter. The inteniiil prinler Is a thermal 
printer offering a re so hi ti on of 040 dots and a 4 -inch jirinting 
width. Tlie display re so hit ion of 500 x 320 pixels is easily 
transferable to tlie prrnter's resolution after rotating the pic- 
ture 90 degrees, Printmg on the internal printer takes about 
20 seconds. External devices are accessible via the HP-IB or 
RS-232 interfaces. When one interface is configured as the 
dump otitptH iK>rt, the other interfiice is configured as a re- 
mote control [jorl. AU I^CL-Il compatible pnittei's like Think- 
Jet J DeskJet, and others aie supported by the OTDR. Plot- 
ters must be standard HP-G Incompatible. A series of traces 
stored on a Oexible disk or a memory' card can be printed to 
the internal or external printer. 

Documenting measurement results on storage rnedia is 
much more convenient tJiaii paper for carrying around mea- 
sttrement results (stacks of paper versus one 3.5-inch flex- 
ible disk). Tlie IIP 8146A OTDR supports 3.5-incb MS-DOS- 
compatible flexible disks with up to L44-Mb>1:e capacity. On 
a high-density disk. 141 measurement results, called traces. 



74 Pebruory 1993 Hewl^-Packand JbumaJ 



)Copr. 1949-1998 Hewlett-Packard Co. 



ID Code: EMfttlPLE: SCftWTRflCE 

Hftfts.- Oatt and Tiro: 91/01/30 09:40^03 

Operator : 



VEK. BftNeE? 

seoup tmHH; 

PULSEUIDTH: 
CiRID CENTER: 



A.e TO Sa.MM ItN 



fli4fifl / 0«®ee^00&3 / / PP2.J 




flEflB* range:: 

UflVF LENGTH; 

GROUP INDEX: 

PyLSEUlDTH: 

Dl*lTflNCE RRNfeEi 

flVERflGEB: 

EVENT" THRESHOLD: 



1544> nm MfjylEfMcdB 
1 .47W0 
3.0 us 
lortghaul 

©.©a dB 



BI46R / m^d^omm^^ / / ppi.z 



EVENT TABLE 


LOCflTIDN 




NO, 


TYPE 


THRULOS*^ d 


1 ■ 


REFLECT 


«.0 


m 




t: 


NONREFL 


T.SZiE 


km 


-0.1 Z0 


di 


NONREFI 


I . 3367 


ki^ 


0.0e8 


4-: 


NOWREFL 


4*J4Jg 


kP^ 


0,072 


El 


NONREFL 


E.3BI^ 


km 


0. 108 


£1: 


NONFtEFL 


a.Ee75 


km 


-0.ZSE 


7: 


NONREFL 


10, i3&a 


km 


0.31S 


fi! 


NONREFL 


f 1.5Z2S 


km 


-0*323 


9: 


NONREFL 


1 z . S7as 


km 


0.Z07 


10: 


NONREFL 


i;?.S00g 


kin 


®.032 


tl: 


NONFJEF L 


u.jgei! 


l-P 


0*0e4 


LZ: 


NONREFL 


17.3145 


km 


0.325 


T-5: 


NONREFL 


18.72 17 


kh 


-».?21 


14: 


NONREFL 


2ffl. IBS7 


ki^ 


0.0flS 


lb: 


NONREFL 


ir.S177 


km 


0.?34 


IE: 


NONREFL 


24.4SZ5 


km 


-0.2ES 


\7: 


NONREFL 


27.3280 


kPi 


-0.153 


18: 


NONREFL 


34.5S7a 


hn 


0. 1 05 


19: 


NONREFL 


35.3355 


If ft 


0,290 


Z»: 


REFLECT 


3B.Sa73 


kFI 


0.859 


Zl; 


NONREFL 


3B.2ie4 


Jfn 


0.040 


^Z: 


NONREFL 


JEJ.013S 


km 


0.04a 


23: 


NONREFL 


54.1390 


kii 


0,093 


24: 


NONREFL 


54.7Eiaa 


hpr 


0. 102 


Zb: 


NONREf L 


56,ZG7| 


kpi 


0. US 


ZS: 


NONREFL 


57,3431 


kP( 


'0.030 


Z7i 


NONREFL 


5fl.9592 


km 


-0, I7i 


Ui 


NONREFL 


E@.45a3 


km 


0.ZB8 


29 J 


ENilSCAN 


71.0523 


kn 




30: 


REFLECT 


73.3t6S 


km 


--,^-^ 


31: 


REFLECT 


7Ji.4587 


^m 


--.'" 


32: 


REFLECT 


75.3560 


km 





RErORNlDSS dH ATI iJB/l< M 
--*— 0. (BE 

0.30^ 

0.32/* 

B,i;44 
0. 353 
0-315 
0. 320 
0,293 
0,34^ 
0.347 
0.Z76 
0.25B 
0, 322 
0.304 
0.Z50 
0.303 
0,329 

0.:J0© 

0.?74 

zs.sti- 0.3sa 

0. 332 
0.329 

0. 270 
0.Z3S 
0. ?4G 
0..JJ0 
0.413 



m 



Fig. 4, The rcN^ults of usmg iY\e Scanitace algorithm for meas tiring 
an 80-km fiber, (a) The display, (b) The camplete analysis. 



can be stored. Since the BASIC programming language is 
widely used for programming instriLments. we implemented 
a UF-compatible (IIP Logical Interchange Formal) Oexible 
disk driver. Finally we added a memof>* card interface ac- 
cording to K'MCIA Rel 2.0 for users who think flexible 
disks are too sensitive to dust or humidity. 

To help the user identift^ the measuremeni results stored on 
flexible disk, the HP8146A builds a directory* file thai con- 
tains uieasurement parameters, date and time when a mea- 
surement was taken, and an identifier code (see Fig> 5). 

Ghost Elimination 

One key OTDR parameter is ihe dynamic range. Specifica- 
tions are usually measured in compliance with the Bellcore 
standard which specifies that the instiiiment's dynamic 
range must be achie\able within three minutes of averaging 
time. The repetition rate of laser pulses must be as high as 
possible since the djTiamic range specification value rises 
with increasing repetition rate. However, there is an upper 
limit for repetition rate, which is b^ised on the fact that lite 
next laser pulse cannot be lacmched unlO the reflected light 
of the previous laser pulse has traveled back to the front 
connector Launching laser pulses with higher repetition 
rates results in aliases or ghosts. The user would see a pic- 
ture showing a reflection at a position where nothing but 
pure fiber exists. Also* attenuation measurements would be 
wrong, since backscattered signals of two laser pulses 
would overlap each other. 

The HP 8146A OTDR eliminates ghosts by using a ghost 
elimination algoridim. The algorithm works by determining 
the length of a fiber link at the start of a measurement and 
then selecting a mcasLiremcnt span to get the appropriate 
repetition rate. 

To determine the length of the fiber, at the start of a mea- 
surement t he algorithm initiates a very short meiisuremcnt 
witli the longest possible measurement span (to ensure that 
the laser pulse goes beyond the end of the fiber). Beginning 
at the end of the sauTpled data the algorithm checks to find 
when^ the noise level is exceed ctl for Ihe first liuie (see Pig, 
6a). This Icication anil Uie measuiement span are used to 
calculate the repetition rate. Fig. (ib shows tiie ghost that 
appears when the ghost elimination algorithm is turned oft 
and Fig. 6c shows what happens when the algorithm is on 
and the pulse repetition rate is acijusied to eliminate ghost 
reflections. 
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Fig. 5. Trace directory. 
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Fig, 6. ( )[ipralinn of the g,host, r'iimi nation algorithm, (a) A lO.nS-km 
fiber is measured with a measurenient span of 16 km. (b) The smim 
liber using mi S-kni ineaHurenient span ^nthout Llit^ ghosi elimination 
ajgoritlmi and (c) with the ghost elimination algoriihi a . 



\lw next pulse is fired. On the otJier hand if the user wants 
to measure a lOO-kni long fiber vtith a 5-km measurement 
span (for higher resohition J, the ghost elimination algorithm 
must reduce the repetition rate t(j tnisure that the user gets a 
elear picture on the display mthout ghosts. 
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To put this process into perspective, consider the cjise in 
which a user wants to measure a 5-km long fiber with a mea- 
siuement span of 1 00 km. A lot (jf time is wasted because 
the time between measurement pulses will be long. There 
will he no ghosts because all renecrions will be gone before 



Fig. 7. Rorurn lossi measurement, (a) Measuremetu taken %^1thout 
rediiced j^ain at the begiiming. resnlfing in a wrorig return loss value 
ii^K'ause of clipping. (\i) A nieasui'enient taken cjf tiio same fiber with 
red need gain at the begiiuiing. The traces are identical, but there is 
a 5.:3-dB difference in the return loss valiie frurn the value rompuied 
in Fig. Ta. 
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Analyzing OTDR Traces on a PC with a Windows User Interface 



One uf the imk$ that is important to OTDR users is ti€ ability to save measure- 
ment resirlts on suitaljle rngdis and fo compare restjits fmm ififfefem measure- 
ment sessions With this capabtSity. users ^n ofcKain irrformation about itie eging 
of fillers, observe tlie eff^ts of bending libers very early, and do all tfie statistics 
ttiat are refevsnt far evaiuating the quatfty of the transmjssfon link 

Besides offenng prfrrters for documentjng artd saving measure^nsnt results, there 
needs to Oe saftware tt^at aJlows the user of an CTDR to do analysss B!k1 docii' 
mentatign tasks orr a remoie computer such as a PC 

The HP 81 460SA |Pe_0TOfi) is a software package that enatiles users to commym- 
cate with the HP H146A from a PC. This software offers the mear^s to display DTDR 
measurement results, measure characteristic values Itke positions and losses, 
measure attenuation between events, perform Scantrace for finding and charac- 
terjzing events, add comments to trace data, and do extensive compares for up to 
eight traces All tins software runs m the Microseft'^'- Windows environment, 
which almost guarantees easy -to- use operation. 

Rg 1 shows the software's main window and some of its child windows (Trace, 
Overview, and Marks r>, As the CUA standard suggests/ the PC_OTDR software has 
as its leftmost menu item the File menu which provides menus stems for reading a 
trace from the disk, saving it, printing Jt, and e^itrng the program. Another menu 
item suggested by the CUA standard is the Help menu on the rightmost side of the 
main window The help faciliry offers all the information necessary to operate the 
PC.OTDR software without a manual. 

The menu items View, Analysis, and Events are PC_ DTDR- specific menus. Withm 
the View menu the usee can select the child windows to be displayed, and set 
preferences such as trace colors and distance units. The Analysis menu offers the 
analysis mode, whicii displays the resuh in the Marker window. In the Analysis 
menu, the user can choose to display either the 2-poinl loss between markers A 
and B or the 2-poini attenuation (or the leastsquares approK^matfon aEtenuatJon] 
between A ar^d B. The Analysis menu can also be used to select the splice mode 
for positioning auxiliary markers to determine splice loss values and the return 
loss mode for evaluating the quality of connections. 

' The IBM Common User Access iCUA] standard descnbeii how Wmdnws applications should 
loak to make ihem consi^tant and a^sy tii u^e. 
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Fig. 1 Wiirijows assotJ^leo wan Junmng the Scanrracti aigui itnrFi. 

The Events menu allows the user to scan a trace for events and its characterishc 
values, jump between events, add additional events, and delete events from the list 

The child window Trace provides a zoomed- in or zoomed-out display of the traces 
from a measurement. Fig 1 shows as 5n example four traces of the same ffber, 
collected at different times. The tap trace shows a measurement that was made 
direcdy after the installation ot the fiber Because of bending loss somewhere in 
the fiber, at about 3 km the power from the fiber became weaker overtime result- 
ing in the noisy bottom' trace making it difficult to find the splice at marker A. By 
comparing up to eight traces the user can easily see how the fiber performs over 
the years. Another useful i:amparison is to compare traces that were measured 
with different pulse widths ie.g., 5 ns versus 100 nsf to see the influence of pulse 
width on resolution 

The Overview window stiows where the 20omed-in portion of the cun'ent trace 
shown in the Trace window is located relative to the whole fiber 

The Marker wmdow mentioned above lists the posihons of markers A and B, the 
disfance between them, and the result of the analysis mode that was chosen in 
the Analysis menu. 

As with the OTDR, the user can run Scantrace with the PC_DTOfi software, The 
result of sucb a scan \$ shown in fig, 2. The Event Table window lists the types 
of events and their assocta^ed values With just one mouse click on a single event 
Ihe user can jump directly into an event to look at details m the Trace window 

Other window features like infonnative dialog boxes allow the user to easily 
select traces to be displayed or enter comments and trace information when 
saving a trace on a disk. 

Wiifrsed Pless 

Project Manager 

Bdblingen Instrument Division 

Microsoft IS a U.S registered trademark pf Micmsuh Comorariun 



Fig- 1. rite ma<Ti v/indow of the HP 6M60SA software and same of its child windaw& 
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Return Loss Measurement 

The reliim loss of opiical components is the ratio of the 
incident optical power iP\si} to the rellecied opiical power 



Rettim Loss - lOlog (Ptf, / Pback) 



m 



Reflections in highspeed transmission lines cause a lot of 
transmission errons. Therefore, measuring retitni loss is more 
and more imponanl. In OTDR metisureiiients the incident 
prjwer is not kno^vit, but we can calculate the incident power 
by measuring the backscatt ered signal if we know the scat- 
ter coefficient of tlie fiber. Applying this concept to equation 
1 yields the following equation for calculating return loss: 

HL = C - 10 log (pw/l us) - 10 log lO'^'^n-f'bs)/'^ _ i 

where C is the fiber's scatter coefficient, pw is the pulse 
width of the laimch pulse, P,eo i^ the rellecied power level, 
and P\^^ is the backscatt ered power level. 

This means that we can mcEisure the return loss of a connec- 
tor with an OTDR if we can measure the peak power level of 



the reflection caused by tJie connector and if we know the 
fiber's scatter coefficient. For the HP B14fiA we cannot use 
standard OTDR measurements because the peak power 
level exceeds the measuiement range of the OTDR's receiver/ 
amplifier section and causes clipping. Some OTDRs must 
take a separate measurement with rerluced gain to measure 
reluin loss. The HP 811GA OTDR takes a short measurement 
with reduced gain at the beginning of every measurement. 
Only high power levels are of interest, so we don't have to 
do much averaging. The power levels tiiat will cause clip- 
ping in the high-guin measiu'enient are saved in the registjer 
database. Ever>^ lime a user wimls to measure th(> return 
loss of clipped reflectionsH these saved power levels are 
used instead of the actual clipped values. Fig. 7 shows the 
difference in the return loss value of a measurement taken 
with anti without clipping. 

Ac k n owl edgm e n ts 

We particularly w ant to aeknowledge Joachim Vobis who 
was the architect of the user interface software, lie imple- 
mented a lot of useful f mictions that had an impact on the 
development of the IIP 8146A runiware. 
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High-Performance Optical Return Loss 
Measurement 



Although high-performance optical return loss measurements pose some 
tough technical challenges for fiber optics engineers, careful selection of 
appropriate test equipment and correct setup make precise measurements 
readily achievable. A new return loss module for the HP 8153A lightwave 
multimeter simplifies these measurements. 

by Siegmar Scliniidt 



High-speed digital systems aiui aiialo^ cable television .sys- 
tems using nber-optie media need to employ laser sources 
with narrow Kne widths, siirh as distributed feedback (DFB) 
lasers. The narrower the linewjdth of a laser, the more sensi- 
tive to backreflection it is. If a component reflects too much 
light back to the laser transmitter. tJip modulation character- 
istics and the spectrum of the laser change. This degrades 
performance in both digital and analog systems, Fabr^-Perut 
lasers can also be affected, depending on their quality and 
the application. Therefore, reflection measurements on such 
components become ntore and more important in RM) and 
manufacturing. 

Reflections in optical systems can come from a variety of 
sources. Fresnel rellections occur at connectors, splices, 
flber ends, bulk optic interfaces, and detector surfaces. For 
example, reflection from a noncontact fjber connection (a 
Fabry-Peroi resonator) f*an Iheoretically vary from 0% to 
15% depending or^ the distance between tlie fil>er endfaces, 
because of constructive and destructive interference. 

In fiber optics M is common to use a Itjgariihmic quantity 
called the return loss for measuring such optical reflections. 
It is deflned as ten times the negative logarithnt of the reflec- 
tivity H, which IS the ratio of the backreflected optical power 
to die incoming optical power at a component's input. 



RL in dB - -lOlogR = -101og(Pback^in>- 



(1) 



This article describes a method for measuring optical return 
loss that is both highly accurate and easy to perform. 

Return Loss Measurement Method 

The following equipment is needed to measure the return 
loss of an optical component; 

• A laser source 

• A fiber-optic coupler 

• An optica! power meter. 

The light emitted by the laser source is guided to the test 
port using the riber-optic coupler. Tht^ light power that is 
reflccteci back is guided to the detector of the tsower nutter 
V\g. I siiows die experimental setup. The lest port tor con- 
nector measurements is a mitster connector to which the 
connectors under t^st are connected. For measurements on 
pigtaiied components, t he test port is the bare fiber end, 



onto winch the components are spliced. The shinted conjtec- 
tor and the splice in Fig. 1 represent discontinuities between 
the coupler and the test port that contribute to the parasitic 
reflections. The parimieters Kf and K^ are tlie coupling coef- 
ficients of the flber coupler in the forw^ard and reverse direc- 
tions, respectively. Pl is the output power of tJie laser 
source, i^uvd Fu is the power reaching the detector 

Three power levels have to be measured to detennine the 
return loss of a device under test. The first value is the de- 
tector power Pref for a known reference reflection R^-ef at- 
tached at the test port. The second value is the detector 
power caused by parasiric reflections of the setup itself 
(Pp). The third power level is the detector power with the 
device under test attached (Pnieji.s)- ^^^' - shows the first 
three steps of I lie ret um loss metisurement. 

Step 1. Measuring the detector power with reference reflection 

attached (Ppuf). A know^n reflectance of Rj-i.f at the coupler 
output pon is used to effect an absolute calibration. The 
optical power at the detector is: 



P,ef=CPLKlK2)Rr.f+P| 



(2) 



Pfef is sum of the detector power caused by the reference 
reflection and the power offset Pp at the detector catised by 
the parasitic reflections. 

Step 2. Measuring the detector power of the unwanted parasitic 

rellections (Pp). The un wanted parasitic reflections P^ cjin be 
measure tl by tc^nnijiatmg tire flbcr close to the front of the 
poit. This can be done by wrapping the fiber five times 
around the shaft of a screwdriver or similar object with a 
diameter of approximately 5 mm. Tliis creates some 80 dB 
of insertion loss in the fiber and therefore a two-way loss of 
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Step 1: Measuring the Detector Fewer wrth Reference Refbclor Attached 
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Step 1\ Measuring the Detectof Power of Unwanted Parasitic Refieciions 
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Step 3: Measurifig the Detector Power with the Device Undeif Test Attached, 
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Fig, 2» Sleps 1 . 2, and 8 \>i ]hv reluni loss measure meivL. 

some 160 dB. Since the refleetivity at the test port is zero 
inider this condition, all the power reaching the (ieteclor 
now comes from the para^silic reHections. Pp Inch ides the 
coupler dh"ccti\1ty (direct coupling Irom port 1 to port 2)^ 
reflections from events between the coupler and the t est 
port, and the light scattered back by the ftber itself. The \as\ 
item should not be forgotten, because 9 metena of singie- 
mode fiber corresponds to a return loss value of approxi- 
mately tiO dB, aiul even I meter corresponds to some 69 dB 
of return loss. 

Step 3. Measuring the detector power with the device under test 
attached (PmBas)- i^' ^^^'^^ *^\<^pt I lie devire Luuler n*sl is att^iehed 
to the test port and the fiber is tenninated closely behind it. 
The detector power is now deterniined by the sum of the 
power reflc^cted from the device utider test iind the parasitics. 

Since it is usual to talk about the retunt loss of a connector 
pair, the master connector at the test port is marked as a 
part of the device under tesi in step 3 of Fig. 2. 

Step 4. Calculating the return loss. A combination of equations 
1, 2, and 3 yields the foDowing formula for the return loss of 
the device under test: 



RL,jut = -lOlog[(P,„,,^ - Pp)Rr^i/(Pref ' Pp)l- 



(4) 



Since the laser power level (P^) and the characteristics of 
the fiber coupler are calibrated out in equation 4, only the 
appbed reference reflection \'alue K^ef has to be known. A 
return loss test set should include soffw^are that enables the 



user to take the calibration measurements easily and that 
automatically calculates the return loss. 

Measurement Uncertainty 

Accuraov of the Reference Value Rref- A perpendituUir glass-air 

surlare has a retlecti\1ty of 0.0:35, rorresponding to a 

14. MB return loss for a refractive index ngias^ = IAC\ 

K,ef=I(n-l)/(n+l)]^. (5.) 

A pcrf)endicular cleave is a good reference if a reliable 
cleaving tool is used. An open connector should not be used 
as a reference, since its return loss may vary up to 1 dB (25%) 
from the ideal value. Tlie reason is tliat the roughness of the 
endface depenils on the polishing process. For connector 
return loss measurements, it is better to use a gohl-plated 
connectcjr as the reference. Such a device theoretically of- 
fenis a reflecl iviiy of 0.98 for the ghtss-to-gold surface, inde- 
pendent of I lie polishing process. Because of the nonperfecl 
n^atinj^ between the connector and the gold reflector, a re- 
flectivity value of 0,96 (0,18 dB return loss) is typically 
achieved, with a variation of ±2%. 

where: ng^id =0.419 
Hgj^s = 1 46 

k = 8.42 {Imaginary part of the complex 
refractive index of gold) 
w a vel en gt h - 1 3 1 n m . 

Potarization Dependence of the Fiber Coupler. In single-mode 
fibers, two pert>endicular polarization states are guided by 
Oie fiber. Any kind t>f movement of the fiber treates me- 
chanical stress, tvsnlting in birefringence. This cau.sesa 
phase shift betw^t^en the two polarization states and the re- 
sulting polarization of the hght in tJie flber cliangcs. This can 
cause a change in the spUtting ratio or coupling ratio of a 
fiber coupler. If the fiber between the coupler output port 
and the device under test is moved, tiiis also changes the 
coupUng mtio. 

The best available couplers offer a polarization dependence 
of ±1%. However^ this ±1% is related to the input power of 
the coupler. For a 3-dB coupler, the t>olarization dependence 
at one of the output poris is +2%. The total polarization de- 
pentience is therefore ±4% because the light has to pass 
through the coupler twice (dow^nstream and uj^streani). This 
is the main reason for 11 net nations in the display of a return 
loss test set when the user moves a patchcord and thereby 
changes the state of polarization in the fiber 

Power level Stability of the Laser Source. For all steps of this 
measure men I a cons! ant power level from ihe laser source 
is necessar>. Any change in power level will influence the 
calculated return loss value. Therefore, a stabilized laser 
source is needed. 

During reference calibration with the open fiber or the goJd 
reference^ a strong refiection back into the hiser occurs. It is 
essential to proieci the laser source against this strong re- 
flection, to pre\'ent output power changes. This am be done 
by ptnting either an optical isolator or an attenuator be- 
tw^een the laser source and the coupler. Optical isolators 
show^ excellent isolation with low- loss, but at a ver>" high 
price. On the other hand a 7-dB attenuator together with fJie 
y-dB coupler provides 20 dB of isolation at low^ cost. Since 
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Fig. 3. The UP SlbSA lightwave 
rnulLijiieLer \^^l h laser source aiid 
return los^ plu^-in modules for 
high-perfo nuance return loss 
measurements 



the power budget usually ty no! the Uitiiliiig faclor for a re- 
turn loss measurenieiit and 20 dB is ermugh isolation for 
most Fabjr>'-Perot. lasers, the attenuator solution is a good 
cost-t^ffective choice. 

Lined ritv and Long-Term Stability of the Detector Linetuity errors 
contribute direttly to Ihe rneasurejtienl un cert flinty. Tliere- 
fore, it is important Uiat the detector atul the antpldication 
circuits show very good linearity over all nieasurement 
ranges. The ainplifier usually contributes most to non linear- 
ity since the transmtpedance of Ihe aniplifier is switched 
when the range is clianj^ed. This causes st ej) non linearities 
between the ranges. If several ranges ^u'e hetw^een tiie level 
of the reference reflection and the level of the reflectjilty of 
the device under test, these switching nonluiearities add. 
The detector tmit, therefore, should be carefully calibrated 
for linearity to ensure precise measurements. 

Good long-term stability means ihal the detector imit shows 
vei7 low^ drift with time. Low tlrift makes it possible to mea- 
surt^ for a hmg time hetbre the settip has U) be recalibrated. 

Dynamic Range of the System. The laser source output power 
and the receiver sensitivity nmst oHer enough dynamic 
range to keep the return loss signal well above the noise and 
display it with adequate resolution even for high retnni loss 
values. 



Ifiterference Effects. If a laser with a coherence length longer 
than tw ice tlte distance from the coupler to the de\1ce under 
test is used, interference modulation of the detected power 
at the receiver will occur. Light coming directly from the 
laser interferes with light coming fron;i the device tmder test 
because these two light waves ha%'e a fixed phase relation- 
ship. The system behaves like a Michelson interferometer 
Mo%'ement of the fiber will cause a change in the polariza- 
tion of the interfering waves, resulting in a fluctuating 
powei' level at the detector 

Interference occurs when both waves have the same polar- 
i station. For perpetulicular polarizations, tfits effect does not 
happen. The elTect show s a uiaximuni if both waves have 
the same amplitude. For a *3-dB coupler, this means that 
maximum inierference occurs jfthe return loss of the de\dce 
under test is 6 dB less thati tlie coupler directivity.* For ex- 
ample, if the directivity is 70 dB, then the maxlnumi interfer- 
ence effect occurs for a return loss of 64 dB. For lower re- 
turn loss values, the interference effect will be present but 
not so pronounced. 

' In Figs i and 2. a 3^dB coupler will send half of Efie leflected power to the faser port and tta^f 
to Tha detector p^m Direciivity is a measure of the cross talk between The laser pert and ttie 
detector port A directivity of 7D dB means that the laser power seen at the defector port is 
70 dB telow the laser input power 
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One possible solution is to increase the Hber lerigtii between 
the coupler and the device under test imtil it is longer than 
the c oherence lengtli of tiie laser source. The two light waves 
will then have no fixefi phase relationship, resulting in 
none oherent addition of thtnr intensities. How^ever. tJie spac- 
ing should not be exaggerated, since a fiber 9 melers long 
contributes 60 dB of retuiTt loss because of its backscatter. 

High-Perfomiance Return Loss Test Set 

Hewlett-Packard now offers the HP 815MA return loss mod- 
ule for the IIP 8153A lightwave niultLnieter, which is HP's 
platform for optical power and loss measurc^nientsJ The 
return loss test set is capable of nieasiuing retiuii loss up to 
60 dB in the waveieugtb range from 1250 to 1600 nnr. Accu- 
racies of ±0.40 dB aticl +iUio dB are specified for measure- 
ment ranges of to 50 dB and 50 to 60 dB, respectively. 

Fig. 3 shows the HP 8 1 53 A lightwave multmietjer with laser 
source and return k>ss plug-in modules for high-|x^rfonnajice 
return loss mea.su renients. Tlie instrument can also be con- 
figured as a power meter, a 1-chatmel or 2-channel laser 
source, or a loss test set. Users therefore have the conve- 
nience of all standard optical measurement caj)abilities tn a 
single instrument. 

Fig. 4 show^s the return loss module design. The niodule con- 
sists of ajT input crjnnector for a laser source, an attermator to 
protect the source against re tied ions, a 3-d B cout>ler, a high- 
re turn-loss output connector, and a detector. The user can 
choose either a plug-in laser source module or an external 
laser source 



PC Cnnnectnr 

Fig. 5. Heiijp for return loss mea- 

sur Pit sent *i rjf a PC/PC connector 

pair. 

Tlte front -p;mel connector of the retun> loss module is a 
slanted noncontact high-reiuni-loss connector with 65 dB of 
retum lo.ss. Adapter cables (HP 8U09AC' or HP 81102BC) 
wilJi the same connector are usefi as interfaces and ensure 
both flexible and abrasion-free Ltiteifacing to the device luider 
test. A pigtail output is also av ailable as an option. It offers 
extended measurement range to (35 dB, at the expense of 
fiexibility, 

A vaiual>le acf:essory is the gold-plated HP 81000BR reference 
reflector, which provides an accurate and stable 0.18-dB 
reference with Just 0.1 -dB uncertainty for connector return 
loss measurements. This external referencirig, together w ith 
the built-in software, makes it possible lo lake a precise 
reference nieasurement al (he phitie of the device under 
test. All parasitic reflections, both inside the instrument and 
outside, cati be calibrated out at the push of a burton. 

Ftg. 5 shows the procedure for measuring the retuni loss 
of a PC/PC conrtector pair.* Steps i and 2 only have to be 
done once. It is only necessary' to retake the reference 
measurement if the setup is modified. 

Reference 

1. B Maisonbac'her and W. Reichertt "A lightwave Multimeter for 
Basic Fiber Optic Mvasiirements," Heulcft 'Packard Jounujl, 
Yol 42. no. 1. Fehriiaiy 1091. pp. 5S-63. 
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High-Speed Time-Domain Lightwave 
Detectors 



The HP 83440 Series unamptified p-i-n lightwave detectors are designed 
for the best possible pulse performance- They are dc coupled and have 
bandwidths of 5. 20, and 32 GHz. They mate directly with high-speed 
sampling oscilloscopes. 

Randal] King, David M, Bra tin , Stephen W, Hinch, and Karl Shubert 



Fiber-optic systems ustnl Ln the teleconiniunicat ifiiis indiisLr> 
typically cany infomiation as miensity-niotlulated digiT-al 
pulses at rates rroni U\ss Ihan 100 niegabits per sf^cond to 
2.5 gigabits per second, Developmeni (if even fa.ster systems 
at 10 and 20 Gbits/s is underway at reseaich labs around 
Ibe world. Curreni prod ticl ion testing and developmeni of 
next-generation systems requin^ specific types of optical 
le^t equipment. One important example is the time-domain 
lightwave detector. 

Much iJiformation about the perfonnance of a fiber-optic 
system can be gained from accurate information about tlie 
shape of optical iiulses in the time domain. For instance, 
teletommunication systems often use a directly modulated 
laser iLs a source. The output of such a source (Fig, I ) is 
far from ideal. Excessive overshoot or ringing, iugb levels 
of timing jitter, and slovv^ rise or fall times can all lead to 
erroneous detection of diijital tmes and zeros. Accurate 
chi:U"act«Tization requires a nu^itsuring system wllir a band- 
width sufncicnl \o capture the aberrations a^s well .is the 
f lu u I im 1 e n tal da ta s tr e^im . 

The most common approach to studying optical pulses 
requh^s first converting the optical signal to an equivalent 
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electrical signal and Lhen displaying I he waveffirm on an 
oscilloscope. For accurate reproduction of arbitrary' input 
data streams, the converter must Hclii*"ve corislant gain and 
linear phase response from dc lo IIh^ tiighest fiequency pres- 
ent at the input /fhe l>est jiulse |(t*i1omiance is currcMitly 
obtained wiHi Ingh-speed lightwave detectors based on un- 
amplified pin pholodiodes. The addition of electrical ampli- 
ficatiot^i while imprf>ving sensitivity, degrades the pulse re- 
sponse. The jtiodest output of unamplified defectors can be 
a problem because a communications system's multivalued 
nonrepetitive data streams cannot be sinqily time-averaged 
to reduce noise. The choice between high sensitivity and the 
best pulse performance must be made for each a|.>pIication. 

The recent advent of erbium -<i oped 11 her amplifiers gives 
some users the opportunity to amplify in I he optical domain 
and then use unamjilified pin detectors. The extremely 
high bandwirlth aiul low noise oftfiest^ amplifiers makes this 
an excclh Ml approach. 'Hie drnwtjat ks are the current high 
costof crbium-fiojied fiber auiplificrs ;ind Iheir restri<'tion 
(at leas I at present) to ir>r)0 luu operation. 



The HP 8,'H40 Series unamplifietl j)-i 
(Fig. 2) are designed specifically for 
the best possible pulse fHTfonuancf* 
sensitivity. Tht^y arc^ dv t tiujjleft aJid 
20, and :i2 (ill/.. They ure iFi(en<ied lo 
speed sampling oscilloscopes. They 
diode technology (see page 85) witli 
cal, mechanical, anrl marnifactiiring 



-n light wave tietectors 
customers who want 
and do not need higli 
have liand widths ofO. 
jnate direclly with high- 
lit jmhine pin photf)- 
careful optical, electrt- 
process development. 



Pig. 1» TS^'pical otitpul waveform of a directly morlulaterl laser. 



Detector Mechanical Uesign 

The 1 IP S:U40 dcti^lors aii^ com]jacl ijjid niggi'il instnuneiit.s 
thai attach directly to an os^'illoscopt* input. The form factor 
is inline: lyplical signal in one end nnd cleru iral sij^nal out 
the other This allows the u.s(* of mulliple delct lors ou one 
test set The opticd input uses the Diamond niVlS-ltJ/llP 
connector' Tliis bulkhead councilor has Ix^comc^ thi' stan- 
dard o|)tical interface in HP's lightwave test et^uitimcnt be- 
cause of its high reliability long lifetime, and good refieal' 
ability. The optit al input can act ept a variety of connector 
iyj^es by selecting diffident adapters. 

The RF output of the* detector screws to the* input pod of fJio 
osc^illoscope. ju*^viding the sole tnt^clianical sutipon rtf the 
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Fig. 2. Fcmr HP 8;i44D Series lightwave detectors mounted on an 

1 11 ' 54 1 24T osv i l\ oscope. 

detector. The APC 3j3-nini male conmn tor wite chosen be- 
causp of its SMA rontpatibility, mo^ie- free operation to 34 
GHz, aiid suitabiUty as a n>ake-ajKl-break test connector. 
The 32-Gnz detectcjr uses the APC 2.4-mni connector for 
frequency response tfi 50 (tHz. 

Fig. 3 is an exploded \1ew showing the component parts of 
an HP 8:3440 detector. The optUml connector tlange provides 
one enti eaf> for the instrument. The microcircuit serves as 
the other end cap. The dc sujiply provided by the user is 
reguiated and limited on the fninted circuit board before 
connection to the microcircuit. Protei lion of the jihotodiode 
from power supply related damage Is a significant conve- 
nience to users who pre\ioiisly used coniponenl4cvel detei'- 
loi^. The extruded aiiuninuni liody has locating slots for the 
printed circuit board, optical fiber, and sheel-nieta! lid. The 



endplates are screwed into the extrusion, crapturing the 
printed circuit t>oard £ind lid. 

Component Mechanical Design 

Fruni tlic begiiininj^ of the project^ we wanted the plioto- 
diode package to be hermetic. The mesa InGaAs photodiocie 
St met tire can bt* cjiiite sensitive to moisture, showing in- 
creased dark curn^nl and tioise. The usual semiconductor 
reliability farotjlc^nis aie also a concern when water \'apor is 
Ijresent. Ilernict icily, however, is a matter of riegiee. Any 
microcircuit will eventually equilibrate with its external en- 
vironment. The question is how long that proct^^ss will take. 
In microcircuit jiroduction, this corresponds to ctioosing a 
maxim lun pemrissible leak rate, P()r tiie HP 83440 project, 
we originally ttssumcd that we would use mililary leak test- 
ing procedures { M1L-STU-88:.IC is the tie facto industry sltui- 
dard}. ilowe\xT. this specification could allow the microcir- 
cuit to equilibrate to ambient conditions witiiin several 
weeks. ^ We considered this unacceptable and tightened the 
leak rate requirement by several orders of magnitude. This 
ensures many years of protection for the device, but re- 
quires special c^ibration and testing procedures. 

To meet this stringent staiidard. the microcircuit package 
nvust t>e sealed with glass aitd metid. The body and lid are 
machined from stainless steel, then goid-plated for solder 
wettability and electrical conductance. Glass-to-metal seals 
are soklen^l intcj the microcircuit body for the tic and RF 
package feedthroughs. A lens is soldered into the microcir- 
cuit lid to provide a hermetic optical fecdthrough. This al- 
lows the optical fiber to be attached with epoxy, since it is 
outride the hermetic wall. 

After the photodiode and other circuit elements are die- 
attached to the microcircuit floor imd wire-bonded, the lid is 
soldered to the body in a dr^^ helium atmosphere. A 4S-hour 
liigh-temperature vacinmi bakeout ensures the removal of 
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Pig* 3* Internal romponents of 
an HP a3440 Series lightwave 
detector 
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InP/IiiGaAs/InP P-I-N Phot ode tec tors for High-Speed Lightv^ave Detectors 



The HP 83440 famity of ligMwave detectors yses custom lr#/lno sjGag ^jAs/lnP 
p-i-n tDp-tlluffiir^ted mesa ptramdetectors to alJSDrtj incoming infiaied fight and 
convert it to photocurrenT These devices allow light with wavetef>gths from 1 2 to 
1 6 fjm 10 pass through the sntsreiiection coating and the top p-iype irp faver and 
be assorted m the mtnnsrc InGaAs active tsyer below The afaSorptJOT of phctmis 
creates electron-hole pairs m th# active lefyer Th^e earners btb swept out by s 
fevefse bias, resulting in a photocyfrem. 

The photDdetecior epitaxial mater^l is yown try organometalfic vapor phase epitaxy 
(OMVPEt on lnP:S substrates (see Fig. 1]. A Putter layer of undoped InP is used to 
facilitate the growth of the lattice-matched intrmsic IrvGaAs aciive layer and the 

p-iioped InPZn layer is growR on top The device contains a metal contact ring to 
the p-layer. an a nti reflection coating, polyimide passivation, and a plated gold 
bond pad.^ The mesa staicture \s used to achieve low capacitance fof high-speed 
applications. 

Both the RC time constant of the device and the carreer transit time across the 
InGaAs layer determine the frequency response of the photodiotte, A low capaci- 
tance is achieved hy having a thick intrinsic layer and a small area, while a short 
transit time call? for a thin intrmsic layer.- HP ligtitwave detectors contain photo- 
diodes designed to opiimize this trade-off for specified 3-d B frequency responses 
from B GHz to 32 GHz 

Devices like the one shown in Fig. 2 are used in the HP B3440D and have mea- 
sured 3-dB optical bandwidlhs in excess of 39 GHz. Tfiese devices have a 14-um 
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Fig. 1. PtiDtodetector cross-sectianal v^ew Incorniog light is converted to electron -hale pairsf 
iri the InGaAs intfinsic layEr, resulting in an electriMJ current. 



Fig, 2, Scann^ftg esectrcn micrograph of ttie photodiode used in the HP S344flD lightwave 

active-area diameter and are designed for low dark current, low capacitance, low 
optical reflections, and high dc responsivity. Measured dark currents at -3V'are 
sybnanoampere 12x10"^ A/cm^land capacitance values measured at 1 MHz are 
approximately 0.07 pf 11 4>clO"^ F/cm^). Optical reflections from the Top surface of 
the device are under 2% at 1300 nm and 1 550 nm, The thinner i- layer requirect to 
achieve hfgh-speed performance limits dc responsivity (the ratio of photocurrent 
output to optical power mput| somewhat because of the shorter absorption length, 
especially at longer wavelengths. Measured responsivities are 0.59 A/W at 1300 
nm and Q.47 A/W at 1550 nm. The devices are highly reliable m HTOL Ifiigh tem- 
per am re operating life! testing with MTTF [median time to failure) of >5x10^ 
hours at SS^'C. and < 1 FIT [failure in 10^ device hours of operation), 
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most absorbed moisture before sealing. Residual gas analy- 
sis rf»siilts ijitlicate thai I. he nioisture content is below the 
detection level oT 100 ppin. 

Detector Optical Design 

Thf goal of the (jplirai launch is to couple light from the 
input fiber to the phoiodetector with high (efficiency, good 
alignment tolerance, and high i)ptical letuni loss. C''r>mtiion 
types r>f coupling schemes inr;lude biitt-eoiiplinj^ of the fiber 
directly to the plitJlodiode, using a lensetl fiber lo focus the 
light, or using separate lensing. We dei'ld^d against bult- 
coupling because of the tiglil alignntent tolerance required 
for our small-area detectors, Leiised fibers were rejected 
because their short local lengths make 1 hem sensitive to 
axial nuJiion. Weselecled a single gradetl intU'X (CiRIN) 
cylinilrical tens as best nieeiit)g our design ofjjectives. 



The input iiber is polished at a bevel and the photodiode is 
tilteci with respect to the optical iixis. One endface of I he 
lens is beveled and both faces are tuitLreflect ion-coated. 
This results iit optical return losses that are typically greater 
than ,'iO dB at each interface. This is significantly better than 
the optical connector, which limits the overall instrument 
specification to 33 dB, 

For the t>Gllz and 2tl-GHz products, the GRIN lens surfaces 
are planar and 1:1 imaging of Uie fiber endface is used. The 
acfive area of the 32-GHz photodiode is 14 micrometers in 
diameter and is too small fijr liiis approach. Inslead, we use 
a (danor'onvex GRIN lens wlujse cottvex endfar^c* reduces 
spherical aberration. Gomhined with a magnification of 
more Ihiin 2:1, I his anangeirient provides good fiber align- 
ment tolerance and higii efficiency. One drawback is that th«^ 
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photodetector must be placed quite accurately with respect 
to Ihe optical axis or the GRIN lens will flistorf optical rays 
that arc loo close to the pcri])hcry of the lens. 

The alignment of the optical fiber to the photodetector is 
made actively while riioni luring the photo diode output. Tlic 
fiber is then locked in [ilacc using a specialized lii^h-sStability 
epoxy. Extensive environmental strife (stres^s + life) testing 
was [lerfonncd on prototype's to ensure the perlbmiance 
anfi reliabihty of the attaciinienl method 

Detector Electrical Design 

The major ohjective of 1 lie \W iS3440 electrical design was to 
optimize^ the t in\e-doniain peribrTiuince by minimizing pulse 
abeiTations. By designing the instrument to cojincct diiectly 
to the oscilloscope and by placing the photodiode as close 
as possible to the connector, signal distortion from unneces- 
sao' components is eliniinatcxl. C'iueful design r>f the bias 
circuitry avoids resonances. As a result the HP S34 1(1 f^miily 
has excellent perfonuance in both time and frequency do- 
mains (see "Calibration of Lightwave Detectors to 50 GHz/' 
page §7). 

Migh-speed photodiodes, because of their small size, are 
sensitive to electrostatic discharge dmnage. The power sup- 
ply connection can withstand a ten-Utousaiifl-volt discharge. 
However, the RF connector cannot be protected witliout 
degiading perioniiancc. Caution must be exercised during 



tlie connection process, but a protective cap is supplied for 
use during storage. 

Summary 

Tlie HP 8Ji440 Series is a family of high-speed imaniplified 
p-i-n phot or ecei vers designed for optimum t ime-domain per- 
formance. Attaching directly tu sampling oscilloscopes, they 
find appUcations in the design and characterization of fiber- 
optic telecommunication systems. Their careful design and 
i^xtensi%'e reliability testing ensure a long life while providing 
St ate-ol-t he-art 0|>tieal time-ciomain rueasmements. 
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Calibration of Lightwave Detectors 
to 50 GHz 



Because they operate at much higher frequencies than previous products, 
new methods had to be found to test and calibrate the HP 83440 Series 
lightwave detectors. Three systems were developed. Their results agree 
closely. 

by Da\id J* MeQtiate, Kpk Wai Chang, and Christopher J. Madden 



The [IP 83440 Scries lightwave detect ors described in the 
article on page 83 ai'e a ramily of optical-to-elertrical con- 
verters that includes models \^ith bandwidths above 20 Gllz. 
To test and calibrate these detectors, a higher-frequency tesi 
systert^ was required. In this article we describe tfiree sys- 
tenis tliat cmi be used lo characleri/.e high-spt^Hl liglifwavc 
converter's. The tii'st is a time-domain system I hat measures 
a photoreceiver's response to a short optical pulse. In the 
second system, two lasers are heterodyned to generate a 
test signal for a photo receiver. The third system establishes 
im optical modulator ss a calibrated som^ce. which then is 
iisetf to metisiire a photoreceiver's bandwidth. We present 
results that stiow good agreement among the systems on 
measurements of a photoreceiver's frequency response. 



Optical Impulse Test System 

Flc<jsecond pulses are gen era led by a system consisUng of a 
mode-l(X'ked Nd:VAG laser and a fiber-grating pidse compres- 
soi' {Tig. 1). The laser prodot^es SO-ps FWllM (full width at 
hair maximiaii amplitude) pulses at an 80-Mllz rale, a wave- 
length of 10G(J irm, and an a\crage power of 20 watts. The 
pulse compressor uses seLf-phase modulation and positive 
group velocity dispersion in single-mode fiber it) bi'oaden 
the pulse spectnim and linearly rrequenc^y modulate (chirp) 
the pulse as it propagates t hrongh the fiber. ^ 

The diffraction grating pair introduces a thne delay propor- 
tional to w^avelength. \\1\en the chirjied and spectrally 
broadened pulse is passed tlirough the grathigs, the pulse 
is compressed to about 2 ps FU^M. 
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Pig. 1. U|jliaiJ jmpuLsf nspoiist^ rnt frntrnnt nt?iy?itinn for photore< elver diarHcterixyliori. An 8(H's FWHM imiar fn>manK.Hle-^K-'kf<l YAG 
laser is coiTtprc^sseti to aimui 2 ps FWHM by n tlher diflrat'tion graUng tioniprcssor. The* width of the f^omiJiesBr^d pulse is measured by an 
autaf'orrf^laiTjr- Digital oscitlnsr^Qpes record Ihe otilpufs of die aufocorrelator nnd the [jhoioreneiver being mcasiircHi. 
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We caiuiot measure tlie shape of such a short pulse directly, 
but we ran mt^asure ifsaiifororrelation fund ion. from 
which we caii calculate the powcT spectral density of the 
pulse aitd make estimates of its width. The Eiulocoirelalor 
splits the mpui heani into (wo j^aihs, which pass through 
rotating rectangular ji^Ui^ss t>locks arranged to int roduco a 
periodically swept differential delay The iwo beams then 
meet in a UIO3 crystal which generates the jjecond luir- 
mordc (at 630 nm), with aii amplitude proporlional to (he 
product of the intensities of (he two t>eams. This shorter- 
wavelength light is dH*-cted t>y a phot omul tip lie r ttthe. The 
outj^jut signal traces out tlu* opti«*al pulse's aulocorrelation 
function as the glass blocks rotate. 

An HP 54501 A digitizing oscilloscope records the output of 
tlie autocorrelaior The Fourier trajisfomi of tlus tiine record 
is the power spectral density of the (jptical Lmpulse. Our 
meastuvniern,s show a dr(jp hi power of only tluee decibels 
at 60 GHz. 

Measurement of Photoreceiver Impulse Response 

Dnce w^e have characterized the optica impulse, we can 
measure a photoreceiver's response to it 'I'he optical impulse 
is focused on the photoreceiver An HP 541200 sampling 
oscilloscope with an HP 54124A 50-GtJz test set records the 
receiver's response. The measured trace is the convolutiou 
of the optical impulse with liie inifmlse responses of the 
oscilloscope and the pliotoreceiver (Fig, 2). 

The Fourier transform of the measured trace is the power 
spectral density of the impulse, hut tittered hy bcjth llie 
oscillcjscope and the photoreceiver The photoreceiver's 




frequency response can be obtained by dividing the mea- 
sured spectnun by 1 he optical pulse's power spectral density 
iind by the oscilloscope's frequency response. The latter can 
be obtained by CW measurements using a microwave syn- 
thesizer and a microwave power meter, or by using two sim- 
ilar sampling oscilloscopes ttj measure each otiier's sampler 
impulse responses.^ 

Optical Heterodyne Test System 

A second system for cliaracterization of lightwave receivers 
to 50 GH/, is shown in Fij*. 3. An opticral heterodyne source 
was huih using a pair of diode-pumped NdiYAG ring cavity 
lasers whose nominal wavelength of 1320 nm could be var- 
ied by changing the laser crystal tempcTat ure. The output 
b(^am from each laser passes through mi optical isolatcjr, a 
shutter, and a half- wave plate. Tlu' t wo beams are then com- 
bined in a fiber-optie :3-dB coupler/splitter. The isolators 
protect thp lasers from feedback resulting from optical re- 
flections. The shunei?4 aUow^ measurenier^t of eat h individual 
laser's averag*^ pt>wer. The half- wave plates allow rotatirHi of 
each laser's optical jiolailzation. Good polaiiy^tion idignmeiil 
is obtained using an HP 8509A polarization analyzer and is 
maintained using a 3-dB coupler made frojn (polarization 
preserviug fiber. Tlic output powder (P| and P2} is typically 
i mW from each laser at each of the coupler's outputs. Pre- 
vious dual-YAG heterodjTie systems measured photoreceiver 
freqiu^ncy response to 22 GIIz'^ and 33 (jIIz.^ 

Let the difference betw^een the laser frequencies be f^j. If the 
laser outputs are linearly polarized and aligned, the optical 
power niodulat ion envelope seen by a photoreceiver is: 



^102 



Fig, 2, TlK> ni'sponse of an HP 83440D lightwave cietector and HP 
54 12011/54 124 A sjimijlini? osciliDSCOpe to the conipres.sefl nptiral 
pulse. Some of the ringing and overshoot is attribuLable to the 
pliotodelecton and some to the oscilloscope. 



Pt>pl - P| + P;^ -h2;PiP2COs(2jri;,tj. 

If Pi = P2 the resulting signal is 100% modulated at the 
difference frequency. 

The difference frequency f^| is tuned by acy listing one laser's 
tcmpcratiire and lea\ing the other*s fixed. It can be tuned 
continuously over about 25 GHz before the laser hops to a 
dilTereni longitudinal mode. Si ure the motle spacing is about 
15 GHk, a wider scati can be obtainetl by "ylitcliing" togettier 
the continuous Pining curves from sevi^ral aiyacent modes. 
For a 5t^-GIiz span, five cun^es aie userf The overall tuning 
rate is about 1 (iHz/'^C. 

A calibration of the temperatureA^ersiis-freqaency timing 
characteristic is done just l>e fore the measuremenl of a 
photoreceiver. An HP 714i)(jC lightwave signal analyzer is 
used. Since it has a 22-GHz bandwidth, the calibration is 
done in three overlapping tuning ranges. During six months 
of lesling, the repeatability of the frequency cahbration was 
about 50 MHz. The drift c}f the difference frequency was mea- 
sured at 15 MHz in 30 minutes. The tinew-idth is specified at 

In the test system, one of the coupler/sphtter's outputs is 
connected to the photoreceiver to be tested w^hile the other 
is useil for monitoring laser power. The electrical signal 
from the photoreceiver t>eing meiisured passes through an 
attenuator (which provides a dc bias path) and is measured 
with a microwave power meter (HP 8487D/437B). A mea- 
surement of the frequency response involves scanning the 
difference frequency and measuring the change in output 
microwave power* 
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Fig. 3. Dual YAG heterodyne frequency response measureiiient system. Infrared iif^hl from a pmr of temperature'lmied cliude-puniped VAU 
ring lasers is combined in a -l-dB sinfile-mode fiber f:oTipfer. The envelope of the optical power varietj at tlie difference frequency. The re- 
sponse frf the phot.orecehi^er being tested is measured using a niicrovv'ave power meter whllf* the differonf:e frequencj^ is swepl. 



A photodeteclor produces a eurreiU propoitional Id \he opti- 
cal power received. The ratio of outpiK current to input opl> 
cai power is its responsivtty, l\i, in ajitperes per watt. For an 
input opt leal power of F^f^p opticait the peak pltotj(X*urrent Ls 
f^d^^HK (^priraij ^^^ the electrical power delivered to tjie detec- 
tor's load resistor Hioadt is* Pt* - i"Rio;id or 

Sint^ e wc liave a heterodyne source, we siibstiture PKt rjphriil 
^ 2^, PiP^. We solve for respottsivily, expHt ifiy showing its 
freqiiency defiendetu^e, take the ratio of res]>onsiv1ty at a 
^iven nieasurenietit frequency fm it) that at the lowest mea- 
surettieivt rretiuericy f{|, and conved to decibels. Then the 
responsivity relative to that at the lowest frequency is: 

KdB electrical = PdBm electrica|{fni) " PdBm «lGitrical(f(l) 
Pl(fTn)P2(fm) 



10 log 



PUf0}P2(f(j) 



Corrections are also made at ^ach fiequency for the varia- 
tion in the optical power output of oach laser, and for tlte 
actual Ios.H in the attenuator Residual ripple in the response 
mcasurentertt is caused by s landing waves res ul ling from 
microwave reflections. 

Modulator- Based Frequency Response System 

The frequency response of an optk:ai receiver Ccm also he 
detennined by measuring its response tcj a calibrated nuj{lu- 
lated optical source, [n Ihis third system, a lithium nioliate 
Mach-Zeh ruler interfiTf jrnet er,-^**'^ usc*d as an optical aniph' 
tude modulator, is characterized so that it becronies a cali- 
brated source. We'll llrsl describe the modulator and its 
calibration, and then show the system of whic:b it is a pari.. 



A voltage applied to the modulator's electrodes alters the 
relative phase of the light in the two arms of the interferom- 
etei; which in turn controls the amount of light t ransmitted 
through it. Its transfer function varies sinusoidaliy with the 
applied voltage. Lf we apply both a dc bias voltage, Vj,, and a 
sintisoid with radian frequency t^ the transmitted light is: 



I(t) = 



+ COsj JT 



Vh + E(fo)V|jCOS{ 



iOt)\ 



where: 1(1) = transmitted lij^ht power 

I(j = maximum 1 ransmilted light power 
Vb = dc bias voltage 
Efca) = a frequency depeitdcni ntodiilation 
^'efficiency** 
Vp = peak signal voltage applied to the modulafor 
V^ - characteristic switching voltage of the 
modulator. 

We am st^lect the operating point on ihv modulator's tninsfer 
curve by attlusting the dc bias. The modulation "efficiency'' 
decreases with increasing modttlation frequency ft>r two 
reasons. First, the modulation signal travels more slowly 
down it5 transmission hnc than the optical signal in its 
waveguicie. The tw^o tend to get more out (jf |)hase with each 
other tf jwards the enti of the modulatfir as the modulation 
fretjuetK'y increases. Second, the transmission line loss in- 
creast^s with increasing frequency so that the modulation 
voltage becomes weaker 

By expanding the above expressitjn ui a Bessel series, ef- 
fectively transforming it, to the frequency domain ^ wt- can 
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cxanime the spectral content of the modulated light. We 
use file identity: 

cos[zcos{x)] - 2 V(- l)**J2k(x}cas(2kx) 

k-l 
and identify the f^essel fu net ion argument as: 

Vi, + E(MJ)Vp 

We tire interested in thi*ee special cases in which we select a 
single spectral component iind set the modulator bias to 
maximize it. In each case the infmitc simi reduces to a single 
term. These three expressions allow us to measure lite mod- 
ulators frequency dependent efilciency and use it to caJcu- 
lale tl\e nuidulated ojjlical power at any hannonic of any 
given modtilation frequency. 

Modutator Calrbration. In case L the modulator is biased to 
minununi trajismisyjon atid two modulation signals are ap- 
plied with irequencies cui atid ojo and peak voltages Vpi and 
Vp2. Among other signals there will be a difference frequei>t^v 
conifjonent 

If we place the two modulation signals very close in fre- 
quency, E(iiii) Is essentially die same as FAi^)}), We mciisure 
ly, V^. the apphe«l \ oh ages Vpi and Vp^, and the optical 
power at. the difference frequency, l(Af), and then solve this 
expression nimierically for E(itj). 

By stepping ttj, we determine E{i.n) for the wholt^ rangt^ of 
modulation frequencies. We keep the difference frequency 
low and ccn^siant during Tliese nKnisurements so that we can 
use an inexj:fensive photoreceiver witose frequency response 
we need not know^ 



Fundamental Operation, In case 2, the modulator is biased at 
its half-ptjwer iransituysioti i)iiiiii A( I he niodulator's output, 
the rundamentai frequency ci*in[Hjneni of Uie ntodulaled 
light is: 



I = If^J 



/ E(uj)Vp\ 



Given E(tu) and Y^, a meastirenix^nt of Vj, and 1(> allows us to 
calculate* the magnitude of the modulated light at any given 
modulation frequency. 

Second- Harmonic Operation. When the modulator is biased at 
I he mininuiin of i(s irLmsfer curve and modulation is applied, 
the JH)^vtM^ in tht^ seccjnci hannonic is: 



1 = I 



,..(.^). 



As above, if E(t]j) and V^ ^ue kntsW'U and we have measure- 
ments of Vp and 1(3, we can calculate the modulated light 
power at the second harmonic. Sc^cond-harmonic operation 
allows us to modulate light at frequencies higher than 
those lor which wc^ l:ia\T amplifiers with which to drive 
the modulator. 

Modulator- Based Frequency Response Measurement 

The calibrated optical modulator is placed in tlie system 
shown in Fig. 4, which also contains a CW semiconductor 
laser with o|>ticaI isolator, a micrivwave amplifier, and a vec- 
tor network atialyzer (IIP H'AUi: with IIP 851 7A 5(>GHz test 
set and HP 8365 1 A sj^itliesized source), which provides a 
microwave source and receiver 

The microwave source is modified by adding a coupler to 
provide a sample of the synthesized signal just before the 
fmal frequency doubler. Tliis signal, amphfied hy I he micro 
wave amplifien drives the microwave input tjf tht* optical 
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Fig, 4, Lightwave MP HhU) fre- 
tiurrify response nipasiirenient 
s> stent, A esilibniled optical modu- 
lator modulates ligJit from a ditjde 
Ulster prodntnng either the fund*!- 
ruonlat or the second hannonic of 
llii- niicrowave drive slj^nal. Tlie 
HP SGIO network analyzer mm- 
sures both thp oijtpui electrical 
reflection coefQrient of t he photo- 
receiver beini^ tested [ind its re- 
spanse to the modulated light. 
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modulator When the ^stem is operating below 26.5 GHz, 

the modulator is operated in fundamental mode. Abo\'e that 
frequency, the optical modulator doubles the modularuig 
frequency, producing, for exaniple, light modulated at 50 GHz 
when electrically dri\ en at 25 GHz. The normal output of the 
synthesizer pro\'ides the microwave reference signai for the 
test set. 

In characterizing a photoreceiver. the network analyzer is 
first used in its tiative electrical-to-electrical mode to mea- 
siu^e the photoreceiver's electrical reflection coefflcient. 
Then the modulated light is turned on and the network ana- 
lyzer is iise<i as a cahbrated power meter to measure the 
photoreceiver s electrical response to the calibrated optical 
source. A standard sector nerwork analyicer tull two-port 
calibration remo\^es the effect of stiinding waves caused by 
the photoreceiver's outpnf impedance mismatch. 

Comparison of the Systems 

Each of tlie three ay stems has its advtintages. The optical 
impulse system allows direct measurement of the impulse 
response of a photoreceiver-oseilJoscope pain If the oscillo- 
scope's impulse response can be accurately determined, I he 
photoreceiver's impulse response can be closely esl imated, 
since tlie optica] impulse is so niuch narrower The measure- 
ment is fast. The time required to c ale ti late the Fourier 
tiansfomis might easily exceed the time it takes to oi>tajn 
the data. Because the autocoiTelator provides a time record 
of only about 120 ps. we have data on tlie impulse spectrum 
only abtjve about 8 GHz. This determines the measurements 
low-frequency limit and its frequency resolution. However, 
the measurement frequency range extends above 100 GHz, 

The heterodyne teclmique's measurements are most easily 
referenced to LIS. NIST standards. It is also flie one most 
easily extended to higher frequencies. A higher- frequency 
microwave power meter is required, and the frequency-ver- 
sus- temperature curves rieed to be extended. In its presertt 
form, frequency accuracy and repeatability limit the hetero- 
dyne techniqite s frequency resolution to aboul 50 MHz. In- 
creasef I freiiuency accuracy can be obtained by measure- 
mem (if the difference iTcciuentw wliile a photoreceiver's 
frequency response is being measured, or by phase-lockmg 
to an exH'rnal reterence. Tlie sysieni u-nds to be slow 
because the laser wavelength is tmted Oi^^mtally 

The optical modulator system benefits from its constituent 
vector network analyzer. Frequency resolution is limited 
only by the synthesized microwave sources, so that resolu- 
tion on the order of one hertz is possible. Losing I his system, 
a microrircuit cavity resonance about 50 MHz wide was 
easily seen. This resonmice has been eiiminaled in newer 
photodt^tectors. Measurement of the photoreceiver's vector 
electrical reflection coefficienl makes it [mssible to elimi- 
nate the effect of standing waves cm the frcciuvTuy n^sponse 
meas u nmi e r U . Time -don i ai nvh a ra c 1 1 ^ ri zat i ( >n o f a ph o t ore- 
ceiver, which is aviulablc^ with the HI' ^^70'3A, is possible if 
the phase response of the measurement system is character- 
ized. Like the heterodyne teftiniqiie. the 0[>tical modulator 
systxnus mt^asurements are ulliiriiitfly referenced to power 
meters, optical and elect riciil. and tlirnrr to NIST This sys- 
tem can also bt* used tr> characierize t'ltMtricalto-tJtitical 
converters once a pholoreci-iver has boen charactx'h/.cd. 
Measurements made on tlu^ system are rcpcatable because 
of the syni hesized microwave source ajid stable microwave 



test set. The measurement sp€?ed depends on the means 
used to measure the microwave drive to the optical modula- 
ton A system could be built which would opemte at the 
same speed as a standard HP 8510 measuring microwave 
s-parameters. 

Comparison of Measurement Results 

Fig. 1 sho\^s excellent agreenK^ni on the frequency response 
of an HP 84tJ30D light wsrt^e delect on whc^e electrical band- 

T^idtii is specified to be at least 32 GHz, as determined by 
four measurement systems- Below 20 GHz the HP 8703 A and 
the modulator-based system show very simdar results. 
TFiese two systems are \'ery similar in concept. The SO-GHz 
system uses higher electrical and optical power, so the sig- 
nal levels are farther above the noise floon this results in 
lower random variation in the measurement results. 

The dual'YAG data was taken in five slightly overlapping 
bands. The small differences in responsi\ity measured at 
the overlap points indicates good repeatability' and low raiv 
dom variation. The measurement made on the optical im- 
pulse system is consistent with the others, within estimated 
uncertainties. 

Ac kno wl e d gm en ts 

The optical impulse test system was assembled by Brian 
Kohier (now at UCLA). The original {22-Gnz) optical hetero- 
dyne system was built by Paul 11 em day and TS. Tan, and 
is now operated by Mike McClendon. Dave Dolfi, Roger 
Jungemum, and (^at herine Johnson designed the optical 
modulator and put it into production. Roger suggested using 
the modulator in second-harmonic mode. Eric Ehiei's put 
llie origmal (20-GHz) optical modulator two-tone calibration 
system together and wTote the software for it. Additional 
help came from Rory Van Tuyl, Rick Trutna, Steve Newton s 
grf>up at the Instruments and Photonics Laboratory of 
HP l>al>ora(ories, and Bob Bray's grou]) al (lie Microwave 
Tecimology Division. 
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ager for the HP B5D4A precision reflectometer A 
graduate of Stanford University, he rece>ved a BSEE 
degree in 1974 and an MSEE degree in 1975. He is a 
native of Corvaflis, Oregon, is married, and has three 








daughters His leisure mterests include Scottish 
fiddle music and classical and pop piano. He is a 
member of the San Franc tsco Scottish Fiddlers, 

Hafry ChDu 

Authur's biography appears efsevyhere in this section, 

MicliaelG, Hart 

^^^^^ Development' engmeer Mike 

^^H^^ Hart works at the HP Light' 
^^^^^^B wave peration a n rf wa s 
"^W^ flP*l| responsible for firmware 
* development for the HP 

a504A precision reflectome- 
ter Since coming to HP in 
1984, he has developed 
firmware for the HP B753 
network analyi^er and the HP 8702 and HP 87 Q3 light^ 
wave component analyzers Most recently, he devel- 
oped software for the HP 8509 ligbtwave polarization 
analyzer. An author of two previous HP Journal articles 
on lightwave instruments, his work has resulted m 
three patents related to lightwave component analyz- 
ers. His professional interesis aiso include user inter- 
face design for instruments Born in Sacrameniu, 
California, he is married, and has two children. He 
plays piano and organ and shares the organ playing 
duties at his church, He also enjoys horseback riding 
and spends part of bfs paycheck on bis twin horses, 

Steven J. I^ifsud 

Born in San Francisco, Steve 
Mifsud studied mechanical 
engineering at the California 
Polytechnic Stete University 
at San Luis Obtspo, graduat- 
ing m 1982 with a BS degree 
in mechanical engineering. 
Before joining HP's Metwork 
Measurements Division in 
1985, he designed hard djsk drives at Shugart Corpo- 
ration He worked on ibe HP 85D7DA materials probe 
and was on the mechanical design team for the HP 
8504 A precision reflectometer at the HP Lightwave 
Operatiun Steve is married and has two children 

RollinR Rawson 

An R&D development 
engineer, Fred Bawson has 
contributed lo the design of 
a series of HP instrument 
products, includmg sweep 
QsciNators, scalar and vector 
network analyzers, and light- 
wave component analyzers. 
He was the hardware de- 
signer far ttie H? 8504 A precfsion reflectometer. Fred 
was born in Laguna Beach, California and served in 
the U.S Air Force for four years as a staff sergeant 
He joined HP's engmearing pool in 1 960 before he 
graduated from San Jose State University with a BS 
degree in electrical engineering {1961 1. He and his 
wife have four children and three grandchildren. For 
relaxatmn, be collects and refurbishes Studebakers 
and collects U,S' postage stamps, 
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Patricia A, Beck 

Hardware engineer Patti 
Beck works at HP's Light- 
wave Operation and is re- 
sponsible for process trans- 
fer between divisions for 
new ligbtwave products 
Since jeining HP in 1 990 she 
has worked on semiconduc- 
tor laser and diode desrgn, 
tabficatiDn, testing, packaging, and rei lability. Born in 
Atlantic City, New Jersey. Patti has a BS degree m 
applied physics from Stockton State College [1980) 
and MS and PhD degrees, also in applied physics, 
from Stanford University [1983 and 1991) Her dJs^ 
sertation work advanced the art of silicon microma- 
chmed sensors, Before joining HP sbe held research 
posnions at Kitt Peak National Observatory and at 
ATSiT Bell Laboratories, where she conducted research 
on topics such as solar energy, ro botes, low temper- 
ature semiconductors, and recrystallized and porous 
silicon. She ts a member of the American Pbysfcal 
Society and the IEEE, has published severaE technical 
papers, and her work has resulted in patents in the 
areas of robot scs and semiconductors. Her leisure 
activities include photography, charcoaE sketching, 
bevel bikmg and backpacking, the arts, other 
sciences and all varieties of puzi^les 
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Harry Chou 

A design engineer with HP's 
Lightwave Operation, Harry 
Chou has worked on design, 
development., and testing of 
ligbtwave test instruments 
_ since joining HP in 19B9 

r^J|^^ ^ Past projects include the HP 
^^B " '^ 8703 lightwave component 
^^^ analyzer and the HP B504A 

precision reflectometer Wore recently, he bas been 
responsible lor testing the HP 8509 polarization 
analyzer He studted electrical engineenng at the 
Massachusetts Institute of Technology, from which 
be received BS 119G1}, MS 11983^, and PhD [1989) 
degrees. His doctoral research was in the area of 
optically pumped solid-state taser materials, From 
1 983 to 1 984, he was with Codenoll Technology Cor- 
poration, where be was responsible for Tabrication of 
semiconductor ligbt sources. He is the author of two 
HP Journal articles and has published papers m the 
areas of lasers, ligbt sources, and interferometry. His 
work has resulted in a patent on optical fiber mea- 
surement. Harry is married and enjoys hiking, sailing, 
skating, and visiting museums with his wife 




Wayne V. Sorin 






A native of British Columbia, 
Canada. Wayne Sorin joined 
HP Laboratories m 1985. His 
academic degrees include a 
bachelor of science il97B) 
and a bachelor of applied 
science in electrical engi- 
neenng (tsao) from the Uni- 
versrty of British Columbia, 
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He conttnued hi% stiMlies a! Synfom Unrvarsity, from 
whidi fie fecevecl an MSEE degree m 198Z and a PliO 
iS^ree in 1986 Hfs WDfk at Hf invglves research and 
rievelopment on optical fi bef -based measyTement sys- 
tems Be damtmstFBted tJie lectmtcaf feasb'Hiy of a 
pfectsion r^tectDTT^lsj. wtiidi was the bes!S fw itm 
\W 8SCI4A p^ec^S]on fefiecTometBr, and transferred trie 
techrffllogv to HFs Net^'ork Measyfemefit Div?sjoiT 
Wayne has authored Df CDauthored' 24 publications on 
optfcal fiber-tssed devices and systems and is k^twd 
5$ rnvenlor or ccinventor in nine psterrts on the same 
tepfC. He's a memt^er of Sie tEEandi iscurrentty inter- 
ested in appltcations of low-coherence interferamelrv 
Wayne is marned and has a seven-year old son He 
likes tennts and an occasional game of geif. 
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Josef Belief 

Project leader Josef BeJIer 
has been with HP since 
i 987. He received a Diplom 
^'W I ngen isun n e lectr i cal eng!' 
nee ring from the Lfniversity 
af Stuttgart in 1982. and 
worked a I the university as a 
research associate in digital 
signal processing while 
compJeifng his doctoral degree 11987f Hecomribyted 
to the design of the data acquisition and digital signal 
processing hardware for the HP B146A optical time- 
domain reflednmeter, and now heads a team work- 
mg an OTDP enhancements He is the author ot sev- 
eral papers on low-noise digital filters and noise 
reduction techniques, and his work fias resulted in a 
patent related tn the signal pmcessing technique used 
in the HP 8 M6A OTDR. Josef enjoys woodworking. 
making furniture, reading, backpacking, and hiking. 

Wilfrted Pfess 

Project manager Wilfried 
PiBSS attended Ruhr Univer- 
siiy at Bochum and received 
his Diplom Ingenieur tn 
1982. With HP since 19B3, 
he worked on the first fiber- 
optic products developed at 
the BOblingen Instrument 
DivisionjheHPSISOA 
Sffl-nm laser source and the HP Bl 51 A optical power 
meter, He also contributed to the development of the 
sjgnal processing technology for the HP 8145Aopth 
cai time-domain reflectometer. After that he led the 
software team for the HP 81 53 A hghtwave multi- 
meter and then became pmject manager for the HP 
8t46A QTOR He's now a project manager for photonic 
equipment and is the author of HP Journal articles 
related to the H? 8151 A and the HP 8153A. Born m 
Haltern in Westfalia, Germany, Wilfned is married 
and has five children, the youngest are twins. His 
hobbies include music and everything having to do 
With personal computers. 

63 OTDR Signal Processing 



Josef Beller 

Author's biography appears elsewhere in this section. 
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Fraitic A. Maier 

^^^^^^^H Wjth HP since l^as^ 
^^^^mi^H Fmnk Mater ts FI&D pmject 
^ ^^B nianagef for OTDR actJViTiBS 
^^^^^ W^ 3t ifie B5t3ljF^n Instf^iment 

H^Hn '^ Divisior^ He was bam m 

^^^F^^ Wa ibi inge n, Baden - 

l^^"^ Wurtiemberg. Germany 

^^^m^^^ and attended tbe Un Eversi ty 

^^^^^*'^- of Stuttgart, from wfiich he 
received a Dipiom Ingenieur in 1988 He contributed 
to the developmeni of the iaser sources for the HP 
8 153 A lightwave multimeter before wurking on re- 
ceiver hardware and analog hardware troubleshoot- 
ing foi the HP a MBA, His professional mte rests in- 
clude analog hardware, especially oploalectronics, 
Frank enjoys opera, theater, and good food and wine 
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Robert Jahn 

Author's biography appears elsewhere in this section. 

Harald Seeger 

^^^^^^ ^1 Softwa re engi neer Ha ra Id 
^^^^^^^^^ Seeger was born in Esslin- 

^B V yen, Germany and attended 

^^fv5?Yi^r*Yl| the University of Karlsruhe, 

^ '^ ^— ' / from which he received his 
^^ __^ Diplom Ingenieur degree in 

^B ,.^ Iw nlectronicsm 1988. Hehas 
^B^i . "^1 worked on several OTDR 
^^^^^ ^^^* projects since joining HP's 
Bi3blingen liistfument Division m 1989. His contribu- 
tions to the HP B146A OTDR include work on the dis^ 
play and measurement finnware, the scan trace algo- 
rithm, and the PC software Harald enjoys traveling 
and IS interested m po lines, ecology, and economics 
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Siegmar Schmidt 

Optics specialist Siegmar 
Schmidt has been with HP's 
Bobiingen Instrument Divh 
sion since 1 984. He has a 
degree in physics from the 
Friedrich Schiller University 
at Jena and worked in hie 
field of optics before coming 
to HP He has contributed to 
the development of the HPSlZ^Ll and HP 8131011 
optical isofatars, the HP 3157A and SlbBA/'B optical 
attenuators, and the HP 81 DOOAS/BS optfcal power 
splitters One of his recent projects was a new return 
loss module for the HP 8153A lightwave muftimeter, 
A patent has resulted from his work on a variable 
optical attenuator Born m Jena. Thuringen, Siegmar 
IS married^ has two sons, and Itves in the Black Forest 
region. His h abb res include hoardsailing, swimming, 
and tennis. 
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Randall King 

Hardware design engineer 
Randy King was born m Port 
Jervis. New York Here- 
cej^ffld a BS degree in phys- 
ics from the University of 
Oregon in 1979 and an MSE 
degree in inierdiscipltnary 
engineering in 1983 from the 
University of Washington 
More recently (1931 ) he completed work for an MS- 
degree in engineering managemeni from the Natioral 
Techno I University Before jomrng HP in 1984 he 
designed ocean ographic instruments and was a tech- 
nician at Kitt Peak National Observatory On his first 
HP assignment at the Signal Analysis Division, he 
was a refi ability physics engineer. Later, he managed 
environmenial test and reliability physics laboratories 
for the Network Measurements Division. He contrib- 
uted to the receiver design of the HP 83440 Series 
lightwave de lectors, Randy has written two papers on 
reliability physics and is a coauthor of two others on 
astronomy He enjoys a variety of outside activities, 
includmg kart racing, hiking, gardening, mountain 
biking, and sailing 

David M. Braun 

A native of Shawano, 

f Wisconsin, hardware design 
engmeer David Braun re- 
ceived a BSEE degree in 
t97B and an MSEE degree 
in 1 980 from the University 
of Wisconsin. After pining 
HP in 198D, he worked on 
*■ test and process develop- 

men! for a high-speed phoiodetector and on develop- 
ment of a GaAs power MESFET He conirjbuted to the 
mechanical design and optical launch design of the 
HP 83440 Series lightwave delectors and the laser 
anti reflect I on coatirjg process for the HP8167A/B3A 
tunable laser sources. David is the author or coauthor 
of five articles and a conference paper on photodetet- 
tor anfireflection coatmg design and measurement. 
GaAs MESFET design, and optical receiver design 
Two patents have resulted from his work on low- 
reflectivity surface relief gratings for phoiodetectors. 
He IS a member of the Optical Society of America. 
He IS married, has three sons, and enjoys bicycling, 
gardening, and basketball 

Stephen W. Hinch 

R&D progfam manager 
Steve Hinch has hefd several 
positions smce coming to HP 
in 1974. As a production 
engineer, he supported work 
foranumber of spectrum 
and nehA/ork analyser pred- 
ucts. Later, he was produc- 
tion engineering manager 
for microelectronic components. As corporate man- 
ager for HP's surface mount technology program, he 
supervised the design and consolidation of HP's sur- 
face mount manufacturing sites. After serving as 
RiD section manager for microwave accessories he 
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assLrmed his current position, in which he is responsi- 
ble far lightwave time-domain measurement irjstru- 
ments in HP's Lightwave Operation Steves BS and 
ME degrees were awarded concurrenily in 1974 hy 
Harvey Mudd CollegB. Clarempnt Califurnia. A nrtem- 
ber of the Optical Society of America and the Surface 
Mount Technology Association, Steve is the author 
of a hoDk on surface rnount tech no fogy as well as 
numerous technical articles. He is married and has 
two children. His leisure interests incfude swimmmg, 
mountain bikmg. backpacking, and large-format 
photography, 

Karl Shufaert 

With HPsincel 979, Karl 
Shybert was R&D project 
manager for the HP B3440 
Series lightwave detectors 
Earlier, he was an engineer- 
ing supervisor and manufac- 
turing section manager for 
fabrication of tfiin-fiJm cir- 
cuits and surface acoustic 
vi^ve devices. He graduated m 1979 from California 
Po!ytectinic State University at San Luis Obtspo 
with a BSME degree. Karl is married and has two 
daughters. His favorite pastsmes include cabinetry, 
gardening, white water ranting, cross-country skiing, 
winemaking, and cooking. 




87 Lightwave Datectar Calibration 



David J. McQuate 

A design engmeer at HP's 
Microwave Technology Divi- 
sion, Davtd McQuate re- 
ceived a BS degree in phys- 
irs from Ohio Unrversity in 
1370 and MS and PhD de- 
grees m the same field from 
the University of Colorado at 
Booldern974and 19771 He 
joined HP in 1 978. Past projects include microwave 
spectrum analy?er design. GaAs FET characteri?ation 
and modeling, optical modyiator design, and design 
of a computer-aided fiber pigtailing system. He con- 
tributed IQ the design and characterization of photo- 
receivers for the HP B3440 Series lightwave detectors 
Currently, he is working on a 50-GHz lightwave pro- 
duction frequency-response test system. Davtd and 
his wife have two daughters, His leisure activities 
incfude music synthesizers, bicycling, backpack ing, 
cross-co unify skiing,, and gardening. 




Koh Wai Chang 
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Barn in Hong Kong, Bill 
Chang attended f^atronal 
Chung Kung University in 
Taiwan, from which he re- 
ceived a bachelor of scsence 
degree in physics in 1977 
He also studied phystcs at 
Cambridge University, Eng- 
land, for which he received a 



certificate of postgraduate study m f 978 His PhD in 
physics was awarded by Texas Christian University m 
1982 He was a research associate at the University 
of Tessas at Arlington before joining HP in 1 964. Past 
HP projects include work on an optical isoiator^ a fiber 
measurement technique, and magnetostatic wave 
devices. He is currently working in the area of high^ 
speed optical testing and was involved in testing and 
calil>ratmg the HP 83440 Series lightwave detectors. 
Bill has written 20 papers in the areas of molecular 
spectroscopy, magneto static wave devfces, optical 
isolators, and fiber-optic measurement and is named 
an inventor in frve patents related to WSW devices 
and one on an optical isolator. He js a member of the 
IEEE and the Optical Society of America. He is mar- 
ried and has two sons and is a fan of the Oakland As 
baseball team. 

Christopher J, Madden 

Chris Madden completed 
work for his PhD degree in 
electrical engineering at 
Stanforo University in 1990, 
fhe same year he jomed HP, 
A member of the technical 
staff at HP Laboratones, he 
is working an the design, 
modeling, and testing of 
high-frequency p-i-n and FET devices and circuits for 
the HP 8344D Series lightwave detectors. He is the 
author of several articles on picosecond electronics 
and optoelectronics and is a member of the IEEE. He 
moved to California from his home town near Boston, 
Massachusetts in ^981. 
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